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A TREATTSE ou Single -phcise niolorfi is largely a 
treatise on the sparking problem, for £t thorough 
knowledge of the phenomenon of comiautatinTi is of 
even more importance in connection with single- 
pbftse than in connaction with coDtinuous-current- 
motora. 

Electrical ecioEce ia patticnlaply indebted to 
Messrs ParshslI and Hohart, the authors of Ekcttic 
GejiBralom, and to Prof. K Arnuld, UiK author uf 
JXc Glidchstjxmimasckiibc, for investigating and eluci- 
dating the problem of sparking. Whilst Meaara 
Parshall and Hobart have evolved a simple and 
eminently ppactic&l crilerJoii :foT pre deter mining 
sparking, Prof. Arnold has overeome the difficulties 
connected with a close mathematical treatment on 
this difficult Bubject. 

AiDongat the other investigators who have coa- 
tribiited to our present Itnowledgs. the names of 
Thorn burne Eeid, Piehelmayer, Hotliert, Fischer- 
ninnen, Prof. G. Kapp, and Nicthammer may bo 
mentioQod. 

The method of treating this subject, set forth ui 
the payes <if tiiia hook, was fji'^t outlined by the 
author in the ZciUchrift fiir E^ektrotecknik, Vietma, 
1902, Noa 30. 31, and 32, and, although his con- 
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tributic^ti can do1>' be sm&.]l compared ^ith that uf 
the other investigatora referred lo, yet he venturee 
to hope that aume of the results ohtamed, which 
appear aew^ may interest and benefit the profeafiion 
at lai^. 

The present book is practically a translation of 
the German orit^nalj with the addition of a second 
appendix eontftinirga discTiaaion on some interesting 
oscillograp)i testa relktiiif^ to tlie commutation of 
ainglo-phaae niotora. The oscillograins in qiieation, 
hitherto unpublished, wore kindly placed at my 
disposal by Mr F, Greedy, to whom I abo wish to 
express my thanks for vahiahle suggeations and for 
aaaiatance in correcting the proofs. 

In the opcnin*; chapters, the origin and nature 
of sparking are gone into in detail; the manner of 
calculating the reactance vnltage is explained, and 
means o! pte^entin^; or iQinimising sparking are 
diacusaed at length, particular attention being paid 
to the method of reducing sparking by inserting 
resiBtances in the commntalor leads, A conx'enient 
method of computing the reaction of thecoinmntating 
coils upon the field flux is giTen in 0!iapter YL 
This reaction is by no meana always insignificant — - 
as is shown in an example — and has hitherto hardly 
received the attention it deserves. 

It is not claimed that Chapiers VITL, TX,, and X., 
which deal with the general theory of wDgle-phaso 
commutator motore, are perfect theoretically ; indeed, 
these cbaptere are merely intended to lead up to 
Chapters XIT., XIIL, and XTV., containing the final 
ctjnclusions. Iti Chapter XV., a seriHS meter, repul- 
flion motor, and compensated repulsion motor are 
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calculated through, the calculationa being baaed on 
equal iDuniifiLctui'jD^ Croats lE each coee. 

The detailed theoretical invesiigalioE of the repul- 
sion motor haa lieen reserved for the appendix ao aa 
not to diacoorage thoae readers who are not mathe- 
maticailj' inclined. 

The design of the ain^Ie-pJiase Beriea motor has 
been more speeifically dealt with by Measrs lAmrae 
and Finai, while Heuhach waj^ one of the foremost to 
expound its theory ; Eichberg, Winter, Labouit Oanoa» 
DanielBon, Picholmayer and Kiethommer have been 
pronainent in connection with tha compensated re- 
pulsion motorj while C. P. Steinmatz baa largely 
contributed to our kuowiedge of the repulsion motor, 
Uae of the moat illuminating treatises on single- 
phase motorfl generally is that contributed by Prof, 
Gorges to tlie JSteJjtTO/echnisehs Zeitschriji, 1903, 
No, 15. 

The oingle-phEiae motor invented by Eiohberg, 
Winter and Latour is often referred to aa the 
compensated aeries motor, and thereby an impression 
is created that this motor is a aeriea meter provided 
with a coil for compezisating the wsU-indurHon. 
Danioleon was.pQrhapB, the first to call it a com- 
pQQBated repulaion motor, and in tbie he wae \m- 
douhtedly right. The reason for designating this 
motor a series motor witb a campeiisbtiog winding 
must be ascribed to an imperfect imderatanding of 
its naturo- 

In a future edition of this book, it ie intended 
also to inolude tboae single-phase motors which do 
uot pceaesa a 'aeries' cLaracterietic, Tbcuj^'h of 
scarcely any importaaco in connection with traction 
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work, the 'coDBtant-speed' ty^ of single-pbaae 
motor is Dovertheless destined to plaj a promineDt 
put in the future, Dotabl}- in EDgland, w}iere siiigle- 
l^iase systems are still plentiful 

To my friend, Mr K, F, Looser, I am greatly 
indebted for the trouble he has taken in translating 
this book from the German, and for the expert and 
clear manner in which be has carried the task 
through. 

F. PUNGA, 

Marehl90^ 
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NOTATIONS 



a u tha »Ciu 



ftrziia.Ei]T0 A.T, 
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dt 
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=4mpere turai^ 
=iiIterDfttu^gcitrrDiiL. 
^N' 
N ■ 
direct CQireDt, 

d«:iote tho volta^na batwum brtioli ojid aa^eat, 
elecfcroraotiTe fcprcc. 
ig Lha TolEapi iitducBd izi ttia ctjJiLaiutaliiag oaR hy tha 

ocCiDa cr tbfl anrutara flni. 
sparkiiig FQltngf jier segmant- 
fipartisg ro]t>g« |«r brusb. 
iho ytiHe^n induDQd in tbo corainulAtiLig roil, 
thfl ToltogiTT ioddced tu tliv cumumtBtJiig cnnl bj tbs 

action oftbu field Aux. 
tho reftftance vnltaga. 
the affeeiiTB drop ofyolUgp xinder a brnah Btimparfmt 

commiitalioD. 
ttiD affoctivc drop of vollogD qndfit a brush At |ieifnt 

OfUnmatatinn. 
tJie dTectii'ij leugll i?r iiuq arniature turn, 
thp *'frepi"lftJigE}i of onn omiature turn, 
thfl riimbgr of atfitor slots par j^ale. 
the tmmbar fyf rotor Blots per polo. 

2 
ths BfTecLivB leaglh aJ tbn LnQntim. 
tb* flui: JMT pole. 
magDcttjuiotitE fcrcB. 

tlie number of aogmonts oovtfred hy one brueb. 
tbfl ftequency of tho alCormiting supply, 



HT NOTATIONS, 

W =^ th* fwquwjoy of rotation- 

p the nomber of fx>]e-purft. 
P.D' potAQtuI differeQce. 

s the number of tnniB in eerieb between the braahea. 
T thfl dTwatiou (io seconds) of the 3hort-oircuit. 
U revolutioiu per zainnte, 

W the contact reaiataacQ between aH the bruflh«& of oa« 
set and the commutator. 
3 the niunbBr of tume per segmaat. 

a ttiA diapLicemaDt (in degrflea) of the braahea from the 
AtatoT-ftxifl refarred to two potcfi- 

S tha length of air-gap. 

A thadisplacement of thebruBh«Bfrom theatator-kiiB ; the 

maximum diBplocement occura when x.=l ^ ii = Ax90 

degreea. 

w =ai4lGB2«. 
1 inch =2'54 cm. 
lib, ^0-4Bkg. 
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If the ciirrent supplied to the terminals of any 
ordinavy eonlinuoua-current aenea motor be reversed 
in direction, the motor will still continue to rotate 
in the sitnie sense, hec^use tlie armature current and 
the field current have changed their directiona simal- 
taneoualy. It followe that any continuous-currenl 
BOrioa motor of usual deai^^u will run with alternating 
current, and^ if the frequency of the alternating supply 
he Hufficbntlj low, the motor will operate almost 
exactly lilio its continuoua -current prototype. But 
as the supply frequency iucreaaoBjthe cifecte peculiar 
to alternating currents — viz. capacity and induction 
effects — manifest theineelvea more and ujore. The 
etfecta due to the capacity of the armature aud ^dd 
circuita, even at the highest frequencies employed in 
practice, ar9 never seriousj and they will tLerefore 
not ha further conHidered. The effects cf flelf-induc- 
t Jon, on the other hancl, tire of great import imce, since 
they lead to a phaae-displacement between current 
and voltage, tbue increasing the apparent watts' 
input and the current input. Another very im- 
portant qLiiJtiLioii in cunneetioTi with siiigle-pltaEe 
commutator motors relates to the sparking at the 
commutator. 
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Tn tho lollowiiig chapt-ors thero two cardinul 
|jroblcu]B will bfi gone mto in detail; but it is not, 
ilildEiileil to enl»rgo the hook unueceaaarOy by iri- 
oludiD^ an olaiuentary theor)- o{ el^tro-m^netifim 
or the theory of ftrmatare winilinga anJ to forth, 
01 thou subjtt^La have been de^t with tii many 
eioelloiit hooka on oontiimouB-curretLt dynamoa. A 
lut of fluoli bi>oka vB appended. 

'Vhii clniLi^Hi and quickest way of solving the 
■j)uikiiL|{ problem of ningle-phaae ctrinmutalur motors 
ii Ui ntart with the theory — now well understood — 
of Ulo oommuUtion of d.o, machines and to extend 
Rnd modify this theory to buU the special conditions 
of A,a workinif. 
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PART I. —THEORY. 



CHAPTER 1. 



TUB ORIGIN OF aPAKKI^G. 

^DuRiNO the greater part of a revolution the only 
current flowing in any one armature coil is the 
armftbure current J, but when the coil becomos short- 
circuited by the brueliee a Bhort-circuit current, 
C, aUo tends to liaw in the coil in question. We 
may imagine that these two currents are superpoaed. 
It will bfl clear from fig. 1 — in which the dotted line 
a, h, a, d, c^ and Ci indicates the short-circuit— that 
their direcUons coincide in one segment but are 
opposite in the other. The consequence ia an un- 
equal JiatrihiitLon of current under the brushes From 
Hugment to aegiuent, this unc^t^ disinhuHoti of 
trwrrcrU hsin^ tJio direct cau3& of parking. 

Aceordin;^ to Ohm'a law, the drop of preaaure at 
any point of the contact area between bruKh and 

cooiinutator is Eit^oal Ui Ihe current at that point 

1 
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intLltlplj«(l by tUo contact reai>tiincoH If, for « gtTea 
f|H«IU> ut bruAh, tlie specific cootact rtttttuHW ba 
Mtnili«d tJj f« a coiiAiant quantity, tbea tbe TotUg»j 
Attrp Bl Any point nf the cont&ct area vill be pio** 
pfrrlUiikJi] to thft current deneity at that pobk Id 
Afd«r to arrivo ut the dutrihutiou of curreut under 
th$ bmliM, oU that is neceeaary, therefore, ifi to 
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»t*» Mift dlitUibuUoD of the voltago drop under 
w'^c TJ»i* WG win do byconsidonugBerifltim 
'irlurM 111 Uii' short-cjrcuiced coil. 
' ^t. cf all the E.M.F, of mduction. or 
>. ri'\tAi^\, OS it ia uaoallj called in 
I), \t iti cauaed by the reversal of 
'I ti^km pliioo in tbe coil during the 
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period of commutation. Boforo the coil is short- 
circuited by tho biuahoB it carnes a current J. 
During the perioil of commutation this current J 
dimmiahes, pa^439S through zeru value, iLiid grows iu 
the opposite directLoii Luitll — at tha moment the 
coil is loaviog tho bruahca — it hoa aasumed the value 
—J, Since the current J produces a magnetic dux 
(Mr) through the coil, it ia clear that this llur also 
reverBea during the short period oi corn mutation - 
The carve representing thia change of current or 
flux with the time ia difficult to determine theoreli- 
cally*; but it follows from first principlea that, 
whatever shapa thig curve may aaaume, tha mean 
reactance voltage is 

E,= -?^(inabsoluteumts)orK,= -^-^?lC-Bvo]ts, 

in. which ? = number of turns of the coil in queatioit 
and T=time oE short-circuit in seconds. That this 
equation is correct is at once apparent wheu it is 
remembered that the voltage induced in auj con- 
ductor ia equal to the number of Linea of force which 
cut the conductor in unit time. This reactance 
voltage, as is wall known^ opposes any ckingt of 
current, aod this is the reason why the negative sign 
is prefixed to the right-hand side of the equation. 

Another E.M.F^ in the coil is tho ohmic drop in 
pressure. The resistance to be considered in this 
connection is the sum total of the resistances in tlie 
ahort-clrcriited coil, in the commutator leads, in tha 
commutator se^mcnta, in tha bruab, and in tha 
brush contact. However, the firat four resistancos 

' Butli curves liATe b^cn obtiiDod tiperimentally nith tha aid cf 
bUe CBQillograph, Su Appendix II, 
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tkVtt mxMj MgUgtble compared with the last-named 
rg«i«tAiK«; id moM cueft, therefore, tho contact 
ntttoUao* aIoim mmd be oonfiidered. it was poiiite<l 
Otti ftfifiv* that Um mun curreot from the brush h^ 
iLi fluw through luw !«giDeDt (say, segment 1) against 
ttie »lu^rl-cimiU curreot, while the carront from 
the hrii»h Xa^ ihe vXhtr aegment (11) wa£ augmeuted 
hjr lh« vhort-ctreuit onrreot, Let the resultant 
ivitrn^nU through aigmeriia I and II Le denote hy 
«, and t^ m|«rUpe^. Tbceo two curreDte cause a 
drojt in voltaftt Mtms the contut rcautance of f, 
VoltA And c, s^itlA. In % 1 the direelioiifi of these 
IW(* v<^lli^,^** »tv indtoated hr arrowe. It is seen 
bliAl «^ and 1^ not in oppc«te duecUona with regard 
tiJ Ihe iwO) (iloHwl) oi tfao abott-drcmt cuiient — 
I; vnljt tAi i/^jArMM* it-*! ^ ^'^ '*^ ro£%«0 oWjs 
in fA« 4i*d-i-t>r«tMML 

n»i ntAMnltvd« <st r^—t^ xmt& with the time and 
In iKii PdKV 1*^ >U*miine iheowtieallv fdr every 
lilNlNiil i Utt^ tUo "•«■( val« of ej— t, ^called the 
'niMtrhliitf v^d1a4^>' ami detwt«d by Ef) iney be 
HiliMihifmL \v(!l)«M4l iht^cultys 

TI||» ■•jmlfcvhiH v^aiAs*^" i* ei Ibft otnkoet import^ 
Vll'iU 111 il)n(lfmMW»|iu. If. btf ukBtuice,i:, = fj (t,*. 
^i-fjwlM^ rhi^ii till) ciirreui tLrov^ wB^mNit II 



i«ifije»lH MiHt 1'Uittitrih mvnioiit I atkd Um coomiuUtioii 

llHli If F# 1* u^^aW'v thfttt #,. tiMB the eoirent in 

I li I MiiiU^i^ ihmi ihat in segmraiil; and 

jmMu^ will ixvur if tike diflereikce 

\mii*i»'H iUttim lfi» ViMw^ iv.w<>o<1» a certain limit. 

11 ^viih incrca&it)^ iiiff«4^eiKe& 
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volttujt positirt when it acts in the same seiijie in, ihe 
^kort-circiii£cd coil as ike mltnge ittdti/ced in tks coil 
hif tkc jidd dtis to ths armature ampci-e-itima, and 
nc^aiivs when it aeis ijt the opposite dlredioTh. 

Tlierei^yet a third voltage in the coil; this we 
will call ' externa] ' volLaye (E.) siu^e it ie produced 
by eaternal fields, such aa tho ordinary field fiux, the 
ftrmaturQ field (produced liy the armature A,T.) and 
th9 fields of auxiliary poles, if aay. 
., , It was explained above that the reactance voltage 
oppoBes any change in current in the short- 
circuited coil; hub aa the rovBraai of current must 
perforce take place, it follows that this roactance 
voltage must be balanced in the ooil by a voltage of 
thesame value but of oppoaite direction. This voltage, 

therefore, rauat have Uie value — Er=^^-«P-10"*vo]la, 

and it m obvioiiBly the resultant of the two othor 
voltages which appear in the Bhort-eireuited coil. 
Thus we arrive at the following e^inatioD, which ia 
the fundamtintal equation fur blie i;um mutation of 
electric machines with commutators : 

E^_E^= -E,, or E^=E^+E/ , (T,), 
Some important conclnsions may be drawn from 
ec^uation I.: 

(a) Ej = - E^ hence E^ = ; 

or, in words, the Ofirrcnt ia tJtfcjiJy distriim/tid under 
the hjitsheSt ie, tJt': t^omjiitilittion is perfect, i^' the nolt- 
a^e prod%€cd in the coil hy the exiermd fields U equal 
iTt 'Vid'tifi hiU n^iposile in nnrmfi (o the rcaclanci tKilta.gR. 
(h) E; = 0, hence E^=E^; 

^ Aa a tale, Ei in nt>pt>aite Ja bddliq t« Er, 
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i.e. if no B.M.F. ia htdttced in the short'circ^dted eoil 
hy the €.rtenial JiddA, ihtu Jkc current distribuiiojL 
under tke hriLshes is sti^h thai the vienn calne of t^ — Cj 
durhtg £}i^ period of comvtviation is exactly cqwxl to 
the mctf-n ijolt/c of the rcaMance voU<xgc. 

(o) If E| Ib BEualler than— E^ 

then Ey aBsumeB a uegu,live value^ and this means 
that the current, density is greater in segment I than 
in aegmont II. 

The 'sparking volb^* is a better criterion for 
the comm'utatioTL than the reactance voltage, altbough 
the latter may be UMed in moat ordinary raachiaea 
for deteimining the qimlity of commutation. 



OHAFTEE IL 

THB CALCULAHON OX TUB KEACTANCE VOLTAGE. 

The reactance voltage has the value ^^j^ 10"* volts, 

and it could he readily calculated il M^ wsra 
known. But the value of M^: depends on the shapa 
of the armatnie teeth, on the number of conductors 
simviltaneeuely »hort-circuited, on the number of Biota 
in which these eenductore are distributod, on tha 
eongtruction of the field magnets (whether laminated 
or Holi<J) and on the arrangement and length of tha 
armature end connections. These conditions are 
difficult to esprees mathematically, and it haa for 
this reason become customary to calculate the ro- 
aclanee voltage by llieapprosimatemetliod of Measra 
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PorshftU & Hobartn^ The approximation iica in th6 
fact that it is asfiumeU that an armature conductor 
carrying one ampere prodiicea per cm, length a 
cerLain number of iinea of force. This numbar 
variea accorcliiig to whether the conductor is em- 
bedded in the slots or is ' free,' Messrs ParBhall 
and Hobart have found experimentally that, on an 
average, an embedded conductor produces 4 lines of 
force per cm. length per aniperej white a, 'free* 
ccnductcr oiily givea riae to about C-8 lines of force 
per cm. length per ampere, 

A convenient formula for the reactance voltage, 
based upon Parahnll & Holwrt's method and first 
published by Mavor, m 

in which 

s^ number of turns per segment; 
A = capacity of armature (current x coimter- 

E-MJO ; 
5=the effective length of a turn in cm,, i.e. 

twice the effective length i>f the arma' 

ture core ; 
g' = hcc length of a turn in cm, (y' may bo 

taken aa three times the pola-pilcli) ; 
p = JivimheF cf polo-paira and 
M = field (lux por pole. 

The pormiBsible value of E^ depends largely on the 

1 Saft &'f«Wfe GfAtraim-i, by FutahnU t Hglwrt 

A taoru DDuipliuatcd mutliod, whicli givc^ eomovbat aloBSr runltBi 
lina bcDa eJubumtcJ b; Fruf. E. Arnold of CmltTubc. 

' Tlw ptouf i>f tliiB furmulfl mil bo fuund in Ihc EiectritttI Hcvkw 
Qf Loadou fur Apii] 2t, 1904. 
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quality of brueh used and is dotermmed expcri- 
mectaUy for ^ny given set of conditiciiB. 

Tlie only quaubitJLtive difTereime lieiween the aLove 
formula and LliJit of Uobart is Lhe factur 4. The 
roasoQ L'or this 13 that Kobart aBaumoa tlie shorb- 
eirciait current to vary HiniiBoidally and intrcHiucea 
into his formula the amplitude of the sine wave, 
whereas our formula relates to the 'i/iam value of any 
wave form, Hobart^H formula, therefore, gives a value 

^ times that obtained from equation (11.). "When 

Hobart'B formula ia employed for determining the 
relative values of the motor dimenaiutia, etc., to 
aatiflfy aparklese com mutation, the reactance volfcago 

pormissihle Is -^ times that winch may be allowed in 

our Case. The final result, of course, ia the eame 
whether Hobart'a formula be used or the one quoted 
above. 

Formula (II,) ia only approximately correct, the 
reason being that a number of minor olfecLs have not 
been taken ac^counl; of. But for one and the eome 
fype cf machine, for which thy permissible maximum 
reactance volbage ia kuuwu, the furmula fiuniabes a 
aatiafactory aud convenient criterion regarding com- 
mutation. But for pre -determining tha commutation 
oi a different type of machine or for different kinds 
of Lrushea, the miuor iniluenceR referred to have to 
be taken, at least approximately, into account. Tlieoe 
influences may either increaee or diminish the re- 
acLanco voltage, A dynamo, for instancoj with very 
deep and narrow slots will eertaicly have a higher 
reactance voltage than another dynamo in which the 
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slots are wide and fiba.llow. Laminated iields^ too, 
increase the reactance vultage, but tliere is a lack of 
data *ia to thfl exact umouDl Of importanoe* too, 
in iixiiig the propor value of K,. ia the difltance of the 
short -eircui tad coil from tlie neareBt pole-tip. All 
these minor iadiiences are difficuH to invcRtigata 
luathamatiuiilly and Uieir appiuximaU} c\'aIuatio]i 
muat be left to the desigDer'e judgment. 

In 00303 where the external helda play ft prominont 
part in connection with the ahort-circuited coil, the 
reactance volt^tge foima ouly a part of the sparking- 
voltage — see eq^uation (T.) — and the minor iuiluencea 
enumerated above lose still more in importance. 



CHAPTER III. 

MBAJfS FOB FRBYENTINO SfABKlHap 

LP Bparkiuf* ia to be prevented, E,(=Er+E,) mnat 
Le kept below a certain limit; and sparking disappears 
entirely when Ej.= 0. In other words^ the external 
voltage Ej ought io be kepi as nearly as pusaible equal 
to — Er at all loads, — E» mcana a voltage equal 
in mt^itudo to the reactance voltage btit opposite 
in direetion, E^ iucreasea proportionally with the 
dynamo load aud in urdei; therefore, to fulfil tbe 
conditiou just mentioned, E^ should also increasa in 
tho same ratio. 

Some years ago this condition was satiafied by 
shifting the brushes with varying load sn an to 
bring more or less of the field llux into play. The 
brushed were shifted until the roaiUtaikt oi ann[kturo 
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dux and Hold Hux ihrougb tho abort- oircultcd ooil 
attained a value and direction such as would prevent 
sparking, Since the action of bbe iinuatriire ftux 
tends to iucrease sparking, it IoUowb that the btushea 
must be moved Jn such a diroctioa that the field ilux 
thereby brouf^ht into play opposes the armature flux. 
In d,c generators, therefore, the bruahea muat be 
shifted in the dlrectbn of rotation, wLile in inatora 
the brushea muat be gradually moved backwards as 
the load incfeaoos. At no-load, the beet brueh 
position ia the nentral position, Tbia expedient of 
Bbifting the brushes ia of no avaU, however, if the 
value of the field flux which links with the short- 
oircuited coil wlien the biuabea are under the pole- 
tipQ ie too Qmall to compon^te the reactance voltago 
sufficiently to prevent aparkiiig. 

At the present time^ however, d,c. machines are 
univerfidlly required to operate aatisfactoriiy at all 
loads with the brushes in u. fixed (not neceasariiy the 
neutial) position. In such casoa the only guarantee 
against sparking is to design the machine in such a 
way that the reactanee voltage — or, better still, tha 
sparking vultage — doea noL exceed, at the LigheBt 
load, a certain value. In reversible Laotora, snch aa 
traction motorS] the brushes are always in the 
neutral position. 

When the bru^liea are in a fixed position, there ia 
only one load for which 

K^=-F^ or E^+E,=0. 

At any other load the valine of Ej + E^ differs from 
Tero, being poattive for larger loads and negatv^'a for 
smaller ludda^ Since sparking depends only on the 
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maunitudi of E^^^E.+E^ it Is obviously beet to 
cdoosc that brtiah poaitiou for which the aparliinij 
voltf^K at the lightest load is equal in value but 
apposite in sign to the sparking voltage at the 
highest load. For a certain intermediate Joad the 
sparking voltage will then be aero. 

Thia GflBB is repreeented graphically in % 2, in 
whichj for convenience, the negative values of E, 
have been plotted ugainat the load. It is seen that 




Fio. 2,— Th< r*act«icp toltigo uid theeitenifll Toltngo 
as a U\iiC\ifyiJ af thi^ load of b shunt motor. 



the reactant^e voltage iucreasea from zero-value at 
no-load to fi certain maximum value at full-load, 
while tho 'cxternar vohago K, dimiuishos fiom a 
certain value at no-load to a certain smaller value at 
full-kiad. This decrease of E^ ia due to the inci-eaae 
of the armature A.T>, which oppose more and mcirfl 
the steady field flax liiihed with the short-circuited 
coil, E, is the reanltaut of the E.M.,F. due to the 
armature flux and the KM.F. induced by that 
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part of bbe field flux which oute the coil imdGrgoiug 
commutatioD. 

If I^^ be the E.M.F. due to Lha armnture flai at 
fiill-bail. aad Ep denute Ujo E-M.F. corrQapoiiding bo 
tho field flux, we have 



at full-load 
at half -load 






17 

Now, the roietance voltage at half-load la -^, 

Hence, aparkloaa coimuutatioD aL half-load ubtaina 
when 



At UQ-Ioad the sparking-voltage is equal to E^ aincfl 
the other voltages are very smalL The value of 
Kp IB obtained from the foregoing equation and 15 



K^- 



E.+E, 



Tlda, then, ia the value of the aparking voJtage at 
no-load. 

Similarly, at fulMoad, E^=E,+Efl-|-E,„ or, hy eub- 
atitiiling Kj, in terma of E,. and E,„ 



E^{at fu]Moad)= +5!±^"- 



ThuB, by lixing the brusliQB in auch !i poaition that 
tli0 voUu^ E^ iodiieed in the Bhort-circiaitod (?oil hy 

the field flux equola — '''^ '' , tlie sparking vol lEge 
of tlie motor will change from a certain positive 
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valuo at full-load to tho sarao negativo value at 
no-load. For any other brush position the sparking 
voltage elLlier fit iKi-load or at fuU-loati would Le 



higher than ± 



2 



It is thus Been that the 



particular hrush pomtion as defined abovd is actually 
the beat. 

For revereible motors the brushes luust he per- 
manontly fised in tbe neutral poaition. In aiich caaea 
the maximum Bparking voltage oceurs at full-load, 
its value being 

It/oUtrws tkal the majiitniLtii sparkvng valia^je of a 
mctoru-ith H^ brushr^ in the jitfiiral position is twice 
t/iat of tfis same motor whose hrnsh<s have bscti shifted 
to the best position. 

Thin ia uot quite correct, liowever, beeaufie both E, 
and E„ increase to a certain extent when the bruahea 
are shifted out of the neutral positioE. This increase 
ie duo to a diminution of the reluctance of the 
magnetic circuit concerned, and it may be consider- 
able if the commutation of the coils talte^ place near 
tbe pole-tips. Professor Arnold has publiahed much 

k information on thie point 
Wbatover be the brush position chosen, the com- 
mutation always depeuda cc E^-hE^, and it behoves 
tlie designer to reduce the value of tbia expression 
ft6 much aa poaaible. E^, the reactancR voltage, ia 
generally much larger than E,,^ so that it ia per- 
miBsihle, as a rule, to use E^ alone as criterion for 
tbe commutation of normal dynamos. Cases may 
occur, however, where the neglect of E„ would lead 
kto a considerable error. 



!■ 
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Nearly every Jynamo can be cheapened by per- 
mitting a. bigher reacLauce voltage. There ib oae 
exception — iiameir, motora having a low speed oi' n 
low voltage corapared wit)i the output, such aa, saj, 
a 100 kw. dynamo for 110 volla and 70 rerolutious 
per minute, and so oil 

Ahhough, therefore, a reduction in the reactance 
vulL:ige generally increases tlie cost of manufacture, 
there ia a large clasa of machinea for ^hich this 
iucroaae Eorma but a Bmall percentage of tbe toUd 
ooeU. In many ca^es, indeed, an increase in the 
number of commutator segments — withoufp enlai^ing 
the armature — will considerably reduce tha reactance 
v^illas^ ; in the case o( large dynamos, however, 
having already only one turn per segment, this 
mMna is of uo araU, and In sucb instances the 
qaMtiun yif re*.luciDg the reactance voStage becomes 
ft dinot (fooaiian of cost To adept an unnecessary 
low naotoiKO volt^e meana a very ex pensive 
dyimmo ; in fact, for a fairly wide range of outputs 
nu*l >[>tH>da it U tiupossible to reduce the reactance 
VtilU^O Mx^w a eerlaJn llmiL Such ie the case, for 
|ltiUni>0( nith turbo-g^ncratora. 

Vin^m a rommorcial point of view the reactance 
Vi^lUU>i haa to W Axed as high as L3 consistent with 
IfttlBtihv^tiM y ixtrnmutatiot). 

Mu Uii\ wo harr dmsi'lorod the ordinary type of 
»| II ma»'lkhiP* oul>\ vritlvout auxiliary pole^ or com- 
IwiiHiOlnj s^iinUuiP*— *i<>vic«s whicli.probally, will be 
limpiT^^illV i^^M]^U\^«») in futurv. It ia clear from 
^\\ik\- Ih>^ htinu unttl aUtvn thjir, in onier to keep the 
rHU) wt UMi^Hnx'^ M\\\ 'cixWrnal' voltage as ^mall as 
l»fiiwii^l» iihhfttuhii^it Um vhofo raago of output, it 
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would be desirable to inoreaae the * extoraal ' voltage 
Ej proportionally with the dTnamo load. This 
may be acliievfti by provitliug, in Uie reuliral zones, 
auxiliary poles whose wiudinge aro ia seriaa wich 
the armature. Tho some reauH may also be ob- 
tained by a distributed compeaBatinjr winding, whose 
electrical axia i3 displaced by half the pole-piLeh 
from the axis of the field winding. The A.T. of 
such a winding (which is alao connected in aerica 
with the armature) directly oppose the armature 
A.T. Such a compenBatiug winding waa first 
Buggeated by B^ri^ and ita effect with regard to Llie 
bettering of the commatation ia equivalent to the 
effect obtained with auxiliary polaa. In eifchor case 
the A.'l. of the compenaatiug device must be larger 
than the armature A.T., as only then ia a resultant 
flux obtained which Hdvanta^eously affectpfl the 
commutation. 

F^. 3 abowa how both the roactance voltf^ and 
the 'Bstornar voltage iucroafio with the load of a 
dynamo fitted with anstitiaiy poles or a compensating 
winding. Curve 2 is plotted with tho negative values 
of the Rittirual voltage E;. 

If the reluctance of the iron path pertaining to 
the compensating winding were aero, a complete 
compensation of the reaclance voltage at all loads 
would be obtainable. But compensating devices are 
generally used for dynamos only in which the le- 
aetanee voltage is large ; in such cases highly 
saturated teetli cannot always be avoided. This 
means that the curve representing Ej is not a 
straight line but a curve, as indicated in fig. 3. It ia 
then boat to adjust the competiQating windiiLg ao 
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that betsreen no-load and about three-quarter load 
the external E.M.F. eo me what over -com poQBQtea 
the reflctanee voltage, while above three-quarter 
loaii E, does not quite co an terba lanes E^ Some 
firms alter the A.T„ ns the bad chatigea, by inaerting 
a few reab^tuTiCDa in etops. A cloaer coinpenaation 
is obtained by this means, 

It must be remembered that tbe reactanf*e voltage 




W lOAD 



FVU iO/D 



Fig. 3- — Tbe reactatiao voltage (cotto 1), and tlia atflmal voltage 
(DllfTfi 2], ID d^uamog fittu with aorapeiinkCing deyioB^ 



is higher in a machine with compensatiDg winding 
Dhan in the same macbine without compensation. 
This iq because the reluctance of Uia path of the 
flux linked with the abortKiircuited coila is diminished 
by the auxiliary poles. The sdvantagee to be gained 
in the way of commutation by employing compen- 
sating devices are neverthelesa great; a reactance 
voltage about 3 to 5 times that rif ordinary dyimmoa 
may bo permitted, and thus it is even possible to 
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desif^ turbo-gen eraLors which oommuUto satifliac- 
tori!y. The author holds Che opinioa, however, that 
ib is a ciiafialce to provide djnamoR cf mnderati) outputs 
aud moderate speeds with compenaatuig wiudings — 
ft3 ia sometimes done — because both the coat and tho 
losses are Tinnecesaarily iucreased thereby- 



SPKaFiG Contact ItKaisTAJ^CE. 

It wae shown above that the cnrrront uDdor the 
brushea automatically diatributea itaelf in eueh a 
manner that the voltage e^ — ^j (fig. 1 ) attains ji definite 
value, this valui; dependiEg on the coiiatauta of the 
machine, on the loud, and so forth, as explained in 
the firet chaptor. Lt follows that the higlier tho 
specific contact resistance between brush and com- 
mutator, the smaller need be the difffirence of currant 
densities at various parts of the brush to produce 
%— ^ij. The corrcctnesB of this aaectlion ia proved by 
the Buperiority of carbon brashes over copper brushes, 
Carbon hruaha? theniselvea differ greatly in contact 
resistance, bo that the permisbil>]B roactiince voltage 
depends on the kind of carbon brush employed in 
any particular case. 

It ia quite poBsible that further advances will be 
made in this direction aud that eventually even turbo- 
[generalors may bo run satififaetoiily by this meana 
ilono. High-reaist^mte carbon brushes, of couree, 
mean a comparatively lar^e commutator, The cost 
of the commutator forms, as it is, a lai^ percentage 
^of the tcjtal tofit <if Mgh-speed geiiei-al-ors and motors, 
and this percentage is fitill further increased by 
increasing the contact resistance of tho brusJi. If, 

^ 
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moreover, tlie volta^ ia luw, it would be a distil 
diaadvantaga to employ higl^ - reaiataiide carl 
brushes. For high-tenaion geaerators and raotors 
on the other hand, high-reaiatancc brushes foj 
reducing sparking are promising, | 

The iact that a Dumbor ol firms emploj coppei 
brushes in heu of carbon brushes fur Lnrbo-generaLoa 
ia due to the large friction losses and 'dancing' d 
the latter kiud of brush. These friction losses moa^ 
a lai-ger and coatHer commutator, the mecbanii 
construction of which often presents didicultiea. 

The cjirboii brnsli to be UB<id in any particuh 
case must lie chosen with due regard to all circu] 
BtancBs. On the one hand, the carbon rc6istance mu^t 
be high enough to eDsure satisfactory eommutation ; 
on the other hand, it njuat not be unnecessarily 
high, else extra iusfies will result. The Lief;!* speeifld 
contact resistance for a given case depends chiefly 
on the sparking voltage per segment, the number of 
segments eimidtaneoualy covered by a brush und 
the normal current density under the bruab. 
The followhig example^ will make this clear: — 



Total current of motor, 
Nnmber uf brush sets, 
Number of brushes per set, 
Width of brush along the com- 
mutator, . . . . 
Thickness of brushy measured 
peripherally, . . . . 



620 ampert 
B 
6 



Iforraal cur rent- density, 



1-2 ,. 
Gamp, peraq. CI 



' TLis eAampLfl ib tAkcn from tbe colcuIntioQ of a BLuglir-plii 
■oiiefi moUjf in Pnvl II, of thh bimk, wliere E^ ia calculatfid vt 
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Number of segments . , 384 

Width of HRgipertt |jliia inaulatioa, 041 cm, 

without ., 0-33 ,. 

Sparking voltage por segmontT 2"55 volts. 

If we uae a brush having a conLact reeiatance of 
'3 chma per sq. cm., the voltage drop under one 
ih will be 3 X 02 — 1"2 volbs, aBaiiming the 
current to bo diatributfid evenlj'. But we know 
from Chapter 1. that the current distribution, far 
from being even, ie Buch that bctwooo adjacent seg- 
ments a voltage equal to the ^parking voltage, i.e. 
2'55 volt3j is produced. The difference in potaiitial 
between the extreme ends of the brush ia, therefore, 
[3x2 55=7"(>o volts,^ Fig. 4 represents the brush 
,ud part of coiDinutator. The 
voltage between aeginent and 
brush at A diffiBre from that 
,t B by 7-65 volte. 

The current incroaaee from 

aegmei^t to segment in steps, 

d the curve representing 

the disfcribuliion of current 

beneath the brushes ought, for this reaBon, to be 

fltoppod eorvfi at any given moment- if wo 

plot this stepped curve for every position of the 

brush relative to the segaieuta, however, it will be at 

ce observed lliat we are not far from Uie truth if 

we represent the avcrags diatribution of voitago and 

current by tho etrflight line A'B' (fig, 5). AB 

epresents the tliiekness of the brush. Draw line 




Fig- i. 



' Thia voltage is called ^sparking vulta^ per bmoli^ {^(X *^ 
drah irith more fullj oa p. 29. 
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CEeothfll AC = 1'2 volta, and draw A' B' to inter- 
Beet C E at a poini D, miilway betweeTi E and C. 

Make the slope of A'B'sueh that EB'=CA' = i^. 

Obvioualy, fii;. 5 repreeenta the Bimplest manDor of 
voIUgo and euifeiiL dintribiition to satiefy tbe eon- 
LliLlonfl oiiLlireil above. 

BJV = 3-8-i- 15 = 5 voltH, Carres ponding to a cur- 




FH!. fi, — DiRlrihiilion cf currBot under tlie bruBhcH, the qjirtlng 
voltacb [>^r segmtni bt^ing 3'65 vulU tmd tlie conlocti nsLBEiiii^ 

rent deE«ity at B of 5/02=25 amperes per sq. cm- 
Further^ A A'= ^3-8-|-l-2= -2-6 volte, conespocd- 
iag to a current density at A of 13 ftmperea pec 
Bq. cm. 

It will lis gathered fi^oni fiy. fl that the current at 
A flowa in the oppositR direclitin to that ut B. The 
actual dialribution is aoinewhab better than, irdicaled 
in tig. 6, not only because piirt of the sparking 
volta^^ ia abeorlied in the armature winding and 
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Number of s^mente , . 384 

Width of Bugment plus iiiaulation, 0-41 cm. 

without „ 0-33 „ 

Sparking voltage per eegmcnt, 2'55 volta< 

If wo use & brush having a eonlaet ro&istanca oi 
0'2 ohms pet aq, cm., the voltage drop under one 
bruah will be 6x0-3 = 1-2 volts, assuming the 
curreiiL to be distributod evenly. But we know 
Irom Cliapter 1. that the current distribution, far 
from heiQg even, is such that between adjacent seg- 
menta a voltage equal to the sparking voltage, i.e, 
2'55 volte, is produced. The dilferenco in potential 
between the extreme ends ol the hruah m, therefore, 
3x2'55 = 7'65 volts.^ Fig. 4 repre&ontd the brush 
and piii't of Dommutatoiv The 
voltage between aegment and 
bruah at A dilJors from that 
at B b/ 7'ti5 volts. 

The current incrcaaca from 
segment to segment in ateps, 
and the curve representing 
the distribution of aurrtsnt 
beneath the bruEhea ought, for this reason, to be 
[& stepped curve at anj given momeittH If we 
plot this stepped curve for every position of the 
brush relative to the segments, however, it will be at 
ince observed that we are not far from the truth if 
we represent the average distribution of voltage and 
current by tho straight line A'B' (lig. 5). AE 
[tepreaents the thieknesa of the bri;sh. Draw line 

' Tliia voltiigfl ia called ' apatkiug vohago por Irusli * (^/ri), knJ 
d»ll irith mure fully f^a p. 29. 




Fig. i. 
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If, instead of ueing brushes with a contact resist- 
ance of 02 ohms per aq. cm., harJer bnishea — having, 
aaj', a (?mita(!t resifitance iit 3 ohms per sq. cm, — 
had Wn chosen, the current distribution in oiir 
e:<;&mplc wouCd have been oa indicated in fig. 6^ In 
which 

AC=6xO-3=l-8 volts. EB' = 3'8 volte and AA'=-2'0 vt 




Fig. fl.— Difiti;iljut.Lrni of currrtit iiudpr ill*- braibes, tbfl fliwtklii^ 
vdtMt poj KEuxeiit boiufi SfiO vultsHnd tlie tuntitct rcsiatanw 
0'3 Dbmaiieraq, cm. 

The effective voltage drop tinder a brusb would then 
come to 

7-661 



o.=l-8-H 



=44 volta. 



12x1-8 

For a biiish with the atill hi^lier contact resistance 
of 4 ohms per Bq. cm., we get 



e..=2'4 + 



=^44 voIt-H. 



12x24 

The CR losses have thus not been reduced any 
further by using this bij^h-resistance carbon, and if 
the contact resiatani^e he inRreaHed iiejond 04 ohmB 
per aq. cm. the losseB will IncreaBc again. It is Geeii, 
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therefoi'e, that Ihei-e is one eertaia coataet resistance 
in each |jarti(^iilar ease which will give a minimum 
O^R lt>33 under the brualieB. The followiug table 
contains the chief results for brusb-contact reflistancea 
of 02, 0"3| C"4, and 0-5 ohma por stt- cm. applied to 
our example ; — - 

Table L 



Contut rflamtance 


C-B 


0-8 


0-4 


0-6 




por eq. em. 












Voltage iX point A, . 


- a-« 


- fl'O 


- l-i 


- O'B 




P> Fl l^F 


B'O 


6-e 


fl-S 


6-8 




Cnrraii t-de niit v at poi n t A 


-13 


- fl'7 


- 3-5 


- I'tt 




„ ll> 


+ 25 


+ 1S7 


+ lfi-5 


-(-13'fl 




EFi^cLivL Jii)[i of vulta)^ 












under a bmaht 


6-3 


ii 


4-1 


l-fl 




BH'ectiva drop of rultage 












mirbr- imRUive And 












10-4 


8-8 


8-9 


0-9 




CR lasBSB under tba 












bnibbfa (io watU), , 


e^oo 


540 


SlOO 


C700 




LoBB at point B ]icr arj. 












om, (rolta x cummtjj , 


135 


105 


05 


9a 





Tha clioJpB of liriiah in our example liea between 
one having a contact ret^iatance of 03 ohms per aq. 
cm. and one having a contact reaietance of 04 ohms 
per sq. em- ITie formor brush ie bettor, howovor, 
aince, generally speakiug, that part of the sparking 
voltage which ia lost in Lhe she rfc-ci rent ted ci>ila is 
larger the aitialler the ratio of contact resiBtance to 
the rosiBtniice of the abort-circuited coila and com- 
mutator leads. With n contact resistanco of 0-3 
ohms per sq, cm.^ therefore, the sparking voltage at 
the brush will hg somewhat smaller than with a 
contact reeistance of 0"4 ohma per sq, cm. 



24 SINGLE-PHASE COMMUTATOR MOTORS. 



e^ is, obviously, a minimuin for c„= 



E 



'/» 



2J'^ 



or. in 



volta. This cor- 



7'6o 
our example, when e^=— =^2'2 

responds to a contact reaistance of 2-2/6 = 0'37 ohma 
per at^. cm. For h bnisli with aiich a conbflct 
resbtunca the C^B losses become n mhiimoiji. 

It ia noteworthy that the effective diop of voltags 
may bo larger than the uiasinmm <Jrop of voltage 
between bruah &nd commutator (see Table L), This 
amofl from the fact tliat part of the current flowing 
fi'oiu biuali to (^ummutator is oppoaite iu directiun 
to the remaining part of the cnrrent. Thus bho 
C^R lossaa and the effective drop in voltage are 
greatly increaaedj while the maximuQi voltage drop 
dneH not increaae in the same pi'oporliou. 

Maaufaclurera generally state the reaiatance par 
cubic cm> of thoir bruahea^ hot often omit to 
mention the cocitact resistance. But these two 
resist^ances are obvioualy not identical and both ought 
a]wa)t^ Nu be glveit. 

Experiments ehowitg tiiat a high contact reaistance 
imptoves commutatiuti were tirst made known by Mr 
Duuu ia the diaeosaion on Mr Reid'B paper read before 
the American Tn&titute of Electrical Rngineers.^ 
Mr Dunn suggested that the brush be made of a mix- 
ture o£ carbon and clay in varying pruportiona so aa 
to obtain contact rosietaucca of any value desired. 

The preceding calculations were based on the 
RSHumption that the coatact resistance i^ Lhe Bsme 
at all points of the brueh whfitever viilne the 

" TraJteaeliuria of fits An^ericait fnttiitita of SlsArical firj^'rur*™, 
vol xiY.t 1897, r- S*^" 
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Piirreut density niaj asaurne. IL has been averred 
by others, however, that this contact roaiatancc ia 
dependeat on the ei.irranl denaity, 

As a result of expedmenta, Hen* Kalm aud others 
even go BO far aa to suggest that the voltage drop 
under the brush ia constant whatever the current 
density employed, Accordinglyn tho drop in voltage 
should bo the same, wUether, say, the current density 
were two amperes per aq. cm. or seven amperes per 
Rq-cm. Tf this were true, tho voltage <lrop would lie 
the same at every point of the coaCact area between 
brush and commutator. But it ia easily proved 
ex peri men tally that this je not the caee. The author 
does not think that the contact reaiatanca ia directly 
affeeted hy the current density, hut he believes Uiat 
it uiight be inlluanced iD<lirectly by the negative 
temperature coeRicient of carbon. Herr Kahn'e 
experimeiitfl were made with alip-i'ings, and the 
results obtained with them cannot be utilised im- 
m&liately lu connection with CQiiiiuuiiitors. With 
slip-rings the current density is approximately the 
Bame at ail points of the contiict area, and the 
tempei'ature of the brush is chieKy dependent on the 
current density at the time being. 

In the case of a brush bearing oo a coramntator, 
however, the temperature at a given point is not 
only dependent on the eurrenL density at tho point 
considered hut also on the current density in other 
parts of the bruah,^ This is because the heat \b 

* Since Hie *]>peaTanca of ibe German fldiUon or thii liook, tbla 
point li AS bceD indepoudeiitl^' inveBtigDriul hy Mr tloid. {See the 
TrftTiaiidwjis 0/ the ATnencait liutUuU nf SlftAntal ^a^nai's, \d\. 
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conducted from the hotter parta of the briiah to the 

colder points, 

Xeverthelesa, there still remainB a difTerence in 
tcmperfttme between the varioua parts of the brueh, 
&nJ thie ditto rODCe ikffoctB the commutation adversely. 
In figs, 5 and 6, for iustance, the temperature at B 
will l>e higlier than nt point A, and the reaiataiice 
wil] coBsequently be smaller at B than at A. This 
means that the distribution of current under bhc 
brush muet be even more imequal than shown in 
the two diagrams in order tbal the given eparkuig 
voltage be produced. This increase of current density 
at £ givea riee to a. st^ill higher tempera[:ure at this 
pointy and biiia again ha.a the etfcct of further reditcixig 
the reeiatanco at B, and so on until a iinal €tate is 
reached. For tLis reason it would he of advantage 
to posBeas bruBhea having a high contact resistance 
and a positive temperature coefficient* 



Resistaj^ceb in thk Commutator Lbadb, 

lb has leen proposed txi aseist the resistance 
between brush and commutator by inserting resifit- 
nnces between the armature winding and the 
commutator aogments. Opioiona differ as to the 
value of tbi!^ e^tjiedient, Mr Mordyy, fpr inaLance, 
is not in favour of this meansi others, however, 
claim to have obtained satisfactory results in this 
direction, and at present euch resistances are often 
BUggested in connection with single-phase motors, 

T[\G total retiit^tancG is made up of ths contact 
resiatance between brash and commutator and tho 
roaistauf^Q in tbe commutator leads. Both are in 



4 
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series. But the contact i-eBistance between the 
brush and a segment increoaea automatically aa the 
segment leaves the bruali, while the resistance in 
the commutator lead remains constant. When the 
brush coverrs the whole, j- i *tid ^ segment, the 
correBponding hruah contact resistances are propor- 
tional to 1, ^, 2 and 4 respectively, 'Die roaiBtanco 
in the commutator lead forme a variable porcontoge 
of the brush contact reaisCance, and as the segment 
leaves the hruah this percentage grows smaller and 
smaOer until it reaches sero- value; this ocoura at 
the inoment the brush breaks contact with the 
segment. 

The speci/tc contact refiistauce of the brush remains, 
of course, the same whether the hruBh covers a whole 
segment or only part of U ; but the additional specific 
rceiatancB duo to the roeistanco in the commutator 
lead varies from zero (when tha brush touches a 
segment) to a certain raaximum value (when the 
briiali covera a whole sHgmeiit)- This atlditional 
specific rcHiatanco is numerically equal to (reaiatance 
in commutator lead) x (contact area between hruah 
and segment). 

In fig. 7f the line BG represents the congLiiit 
specific contact resistance, while BEFG represeula 
the additional resistance per sq- cm. of contact area 
accruing from tho auxiliary resistance in tho com- 
mutator leads. The minimum resistance per sq. em, 
(represented by A-B) occurs when the brash is just 
making contact with the segment considered , aa 
tho segment moves under the brush, the specific 
total resistance IncreaBes to a maximum CE, this 
maximum being mauitained as long as the segment 
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f 

^H renudua toUUy covered by tUe brush. At H, the 
^H flflgmduc dmergefi from under ibe brueb and the 
1^^ lot&l renLStAiiee par sq. cm. of contract area begins \o 
^^ decTBAaq. At, G, ibe negmeiit is on the iKfiat of 

^b leaving the bruab. 

^^ Thits the following eencliieioD "i* arrived at: — 

I The resiatouce in tbe ootnmutator lead eiterts its 

full iulluetic€ iia loug aa the resjieciive segment Ia 
fully covered b>- the brush. Wlieii lie time (repra- 
sentod by C-Ii in lij^. 7) during which tho segment 
is wholly covered hj ibe brush is long compared 





H 

KlOi 7.— lH*|(r«iD thoHinf; tbe T&riatioi] of tbe Bp«if» ovaMot 
iv«i*UnfT vrilh the time. AHGt ipadOtf contut mutauce 
«I ilie ALrlwn ItTUAh, l\ F. F <i «dditioMl iiiHtiflc rontOQt resisl- 
mnvB oarnrtpofutin^ to the renEmrce !□ tlifi oommutatuT lead. 

will» tbi' luii*i (A-C and H-1) during which the 
M^Oiil iH boing covered (or unt^evered) by tlio 
btuih, or, in oilier worda, when the brush covera 
iimny Hi>^iiic*hls, ibd re^lstauce in the commutator 
Umu\ in iKMirlj an olleotiv? as the same reaUtanca iti 
tim hum »i cuutJW'l rosiHtance proper. Conversely, 
h<aiRt<aioo \i\ thi^ coiumutator IcfK^s is much leaa 
olTfltillv^' Lluiu M\ v\{[^tii\ amount ol tontact reaistanco 
tu iiiuuM in Avliii-b tht> Inrush only covers one or two 
M^monlr. Ilk miih nmidxtiiinBdetriiiiental pulsations 
»i( t'litMint ^vUl roMult, vuryiiu; fu^m an amount pro- 
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portional bo A— B In a value proportiunnl tn C-E. 
The amaUer bbe GODtact reaiatance in compariaon 
mtb the total resiataneo {i.e. Ibo Qf>ntact reeiatance 
plus the 3(1x111317 i^^^t&uce in the commutator lead), 
the more prrmoiintreil tlieai^ jmlsatitina. 

The simple din^'rams lepreseuting the ciuTeot 
distrihutioii (£g3. 5 and 6) wore conatnictod on the 
BSGumption that the apecihc contact roeistanco was 
always the same at every point of the brush contact, 
lu the more compHoateil case nf fig, 7, l.he npecific 
contact reaiatance varies, as e^tplained, with the time. 
This case must be dealt with by aBaiimin^ an avorr^ 
epeciiic reaistance, and by considering separately the 
influence of the fliictuatiorn in the current density. 

The foregoing reHectiona lead lo the following 
rule : — Do not uae resistance in the commutator leads 
aB long aa satisfactory commutation can boeocured by 
using ordinaiy brushes. But if the reactance voltage 
cannot be deult with any longer by carbon bnishea 
alone, the specific contu;:t reaiataaca may be supple- 
mented by inacrtiDg rosiBtancca iti tlio commutator 
leads. The larger the number o( segments simul- 
taneously covered by one brush, the greater the eflect 
ef these resistances. 



TH[CKKKas OF Bfit^sm 

Let 7i denote the niunbcr of segments under one 
brush, and Ej, as before, the difference of the voltage 
drop between a segment and the brush and the 
ailjacetit sijgnieiib and the brush. Then the sparking 
voltage per brvish (E^) is 



m 
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Inowrrmimplrifp 1ft),forinrliMiim. n=3fti]d.E,— 2'55 

tioOt howerer, m «ai^ concci wfaen the bruA ci>vers 
D*i^ ■egmaDtft. If tfas br«^ k ontj' as "wida as ooe 
segmenE. for example, the bnah will mAke c4>Dlfict 
ftt ^ timea with two Bogmeata onfyiandtbacurreLt- 
deodtj in the contAet miea of each aegrai^it is merely 



.jiiev jCHf 




.jn 




FiO- 9. — DutribntioQ of cuTrent 
aadar a hroah corering tvo 



Fio.B.—DUlriboti^iiflf cur- 
rent undof ^ bnuh tba 
ir1dthor«liiohviw]iul 

h> the widtli of one 

A fHDtliop of the lime. At a given moment, the 
dUtrilmti^m of curreat will be aa shown in fig. 8. 
t\a, $ rBpreaeiita the (liatribution— at b given moment 
—ill Lhu cnae of two segm(Mit.8 being covR^ed hy the 
Iriiih. It ia uurtftin that in tlieae two cases the current 
flttcttifttw coDHi*ierah]y with the time, and it ia evident 
tut thu llm'tiiitLiuDfl are amaJlor the prreater ths num- 
IWT uf M«»io"l^ simultaneouBly covered by one bruah. 
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These ductuadonB wera dealt with by the author in 
an article e»itltleJ "ZiirTlitiorie iler Stramweinlung " 
which appeared in the ZritAcJi'i^lft /iir Eichtrv>ifi:hnik 
(1902. Ho. 30). The factor a, mentioned in thel 
article, has the following moaniug: 

_Spartiiig voltage per segment 
J Sparking voltage per brush 

waa shown that a had the following valuea : 
a=l for a bmsh'Width = width of se^^ment+inaul- 



Q = 



— 9 V 5 width of one aegment 
I + iafiulatioa. 



2n-l 



= 3x 



By calculating the sparking voltage per brush with 
tho aid of a (E/^ = ^ Ey), ono obtains directly the worat 



idiatribution of current under the brLsh. 
may write 



For ^ wa 



a = - — 



2 2fl^' 



a "2n-l 



-4- 



The expression , 1 indicates at once the fluc- 



1-^ 



2ii 



H 



tuationsof current density at any poirt of the contact 
jirea. If the brush covers many aegmeuta, i.e, if a. be 

_1_ 
arge, the expressiun . _ 1 is very nearly unity and 
2k 



32 SINOLB-PHASE COMMUTATOR MOTORS. 



we may write, ae was done abovs, 

Thn3 the following concluaion ia arrived at : — 
I'he aparking voltago per bruati increoaea v/ith the 
number of Begmenta covered by the bruah. 

It is possible Lo improve the uommutation of any 
d/namo bj' leduciiig Lbe periplieral tbiGknehs of ite 
bru&hea. provided tbat the normfti current denaity 
ia not greatly o\cooded Ihovoby. This moone may be 
employed to its full extent by lengtbening the com- 
mutuLor a.& the biush is reduced in thicVneaHj so that 
the contact area remains the same. Tliia leugtlieuing 
of the commutator implies, of courae, increased cost, 
and it muBt also be borne in mind that with thin 



bruehes the expresBion 



2n 



ia uo longer nearly 



untty. 

Lt ia wrong, in any cuao, to employ a brush whiuli 
iB thinner thau one segment ; indeed, the author ia 
of the opinion that the brush ought not In be lens 
than IJ liuieH He tluck aa a Begment. Frequently, 
however, a thickei brush is necessary for mechanical 
rcaaonSn 

The formula given on p, 7 for the calculation of 
the reactance voltage is based on the asHiimption — 
suggested by Hobart — tliat eatb ampere-turu of the 
armature winding produces 4 lines of force per cm. of 
'embedded' length and 0-8 lines of force per cm. 'free' 
length. These values represent the averages of many 
obsGrvntione, and they lake particularly into acconut 
trhat a large purtirm of the lines of force created give 
rise to mutual- induction olTects as welt aa to Belt 
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induction effects. Obviously, the mutual-induction 
forma o. larger percentage of the total inductioa if 
the number of segments covered by & Lniah ia large 
than if this number la ;^malL This means that 
Bmaher figures than 4 and O'S are pennisaible whea 
the brush covers many eegmentB^ aud that larger 
figures ought to be taken when only a few segmenta 
are coveted by a hrush. 

From the foregoing we may conclude that too 
great a reduction of the peripheral thickuess of the 
brush is next to uselesa in bettering the coimoutatioD, 
sinca, as has been indicated, tha mutual-induction, 
forma a smaller and smaller percentage of tha total 
induction as the number of aegments under a brush 
diminishes. 

If two eq^ual eoils are in the eame slotj the linea 
emauating from coil 1 will produce in coil 2 an 
KM.F. of mutual-induction which is nearly tbe same 
oa the E.M.F- of aolf- induction produced by the 
same linea in coil 1. In this eose^ thereforo, the 
ratio of mutual-induction to self-induction is practi- 
cally unity. Dub if the two coila are embedded in 
Deighbouring slots, thia ratio (denoted by ft.) lies 
between 0"4 and 0'6 and aesumcQ even amtdler 
values if the ooils are stili farther apart; fx. la aleo 
largely dependent on tha polo-pieces, whether these 
are solid or laminated^ It is difficult to calculate 
f/i with any degree of accuracy, but it may easily be 
dctorminod experimentally. The average value of 
fx for all the eoils ahort-circuited by the brushes 
will, as a rule, be between 0'4 and 8. 

Aaaumiug no KM,F. to be induced in the abort- 
circuited coil from outside, the sparking voltage per 



M SISGLB^PKASB OOKMTrTATOE UOTOBS. 

bnwh is repnsratod in Gig. 10 ^ & fuDctioo of tbd 
rnubber of BegnreoU tmdor the bmeh. This figure is 
repnxlueed from ihe AuUiar'a uticlB ciKd aboTe, 
The ciirvea are plotted for ^=1, ^=0'75, ^ = 0"5 
and ^=0-25. The ordioaUe «pfw*»t lelative 
valace of the sparking roltage per brash, and the 
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curves Bhow that the gain in the waj^ of bettering 
the commutation by reducing the peripheral thick- 
ness of the biaah 13 greatest for ^ = 1. It is seen, 
on the other hand, that the teoriency to sy^ark may 
be rendered even greater by making the brush thick- 
oe^B le^ than 1^ times that of the segment in cases 
where u Ilsh as law a value aa 025. 
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It IB very important to cbooae bbe proper mimW 
of commutator BOgmeutB. With ataall motors for 
medium and high voltageSj Ihe armature tuma per 
segment can be reduced in the eame degree aa the 
amnber of aegnients is increaeed. But if the sitine 
brush is iiaed as before, tlio sparking voltage per 
brush will not have dimmiahed in the eamo pro- 
portion Tate afl example the case in which the 
bruah covara 3 segraentrH, If now the number of 
aegmenta be doubled, there will be 6 segmentH 
beneath the brush. Although tbe sparking voltage 
per Hegmcnt has been reduced to half its former 
value, the 3parldng voltage per brush liaa probablj^ 
not fallen below 35 or 90 per cent, of its original 
value. But if the brush is reduced to half its former 
thickness at the sarao time, and twice the original 
number of bruEhes are provided eo as to maintain 
the original current deuainy under the brush, then 
the fiiarkiag voltage per brush will liave been re- 
duced to about 5d or GO per ceafc. of its firat value. 
It will not have fallen to quite half its former 
value because the factor ju baa increased somewhat 
aa a reault of the change. This increase of ^ ia 
due to the faot that the coila which are aimul- 
tansoualy abort-circuited now lie nearer together 
than before. 

Instead of reducing the brush in thickness, we 
might have left it ae before and inserted reaiBtaucea 
in the commutator leaiis. 

The commutation in thus always improved by 
inoreaaing the number of aegmentaj and the questiou 
remains at what price this is obtained. If the gain 
in this lUrecticn were, sa}', only 10 per cent ab a 
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reanlb ol doubling the number of aegments, it would 
be worth while to eonaider whether tbe Bame result 
might not ba arrived ut theaper bj re-deaigning the 
armatureH This can, of course, only be decided from 
case to case. It may be remarked, however, that 
it ia olmoat alwnyB udvieable to double the number 
of Begmeuts if the brush only covers 1 or 1 J eGgmentfl 
in the first instance. It ia then best to retain the 
bruah^ and the Bparking voltage per brush will be 
reduced by from 25 to 40 per cent approximately. 
But a the dynamo has only one turn per segmeut^ 
the doubling of the Bs^ments is of no avail unlrae 
the number of polea or the armature A.T. per pole 
are alteied at the same time. 
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are a1 

1 WHAT VALUKS OT TIIE REACTANCE VOLTAGK, SPAItKTNG 

I VOLTAGB PER BBOMENT, AMD SFABfONG VOLTAGE 

I FEB BBUSa ABE PERMISSIBLE? 

It lies in the ralur© of the pheDomecou of sparking 
that a direct and general answer to thia question 
cannot be given. Very often certain values of 
reactance voltages are mentioned as permiseible with- 
out qualification of the conditions to which these 
reactance voltages refer. It is frequently not stated, 
for instance, what kind of carbon bruyhes were usedjOr 
tbe number of aeginentH coVKred by one brush, or the 
E.M.F, induced in the ahort-eircuitcd coils by tho 
armaturo ilux^ or whether tbe bruBbes were in the 
neutral position or not. Another important point 
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to be coDBidered in thia connectioii relates to the 
kind of armature wiDding empioyed. All other 
tbinga e^iual, the reactance voltaf;e allowable ia 
higher for lap-wound armatures and lower for wave- 
wound armatures. Experiments ia this diraction 
have shown that a 4-pole machine with lap-wound 
armaturo, which bogoo to spark at a reaetanee 
voltage of 3 volta, commenced to spark already at 
from 1'8 to 2'2 volts when provided with a wave- 
winding. This IS a case which illustiates that the 
reactance voltage ia not nearly so good a guide aa to 
sparking as is the sparking voltage per brush. It 
can be shown, in fact, that though the reactance 
voltage may he the same iu the case of both windings, 
the sparking vultage per bruah ia conBiderably larger 
in the ease of the wave winding. 

In small motora, in wliich a lap winding would 
neceaaitate two or more turns per aegmant, it is, 
however, of idvautage to employ a wave winding ainca 
the reactance voltage will be reduced thereby. In a 
4-pole motor, for osample, the reoctauco voltage can 
be reduced to half by subatituting a wave winding 
for a lap winding. 

In stationary motore, the Dumber of bruph-aela 
ought alwaya to be equal to the number of pal63, 
because, for a given commutalor, the tbickncsa of 
the individual Ijrufili ia inversely proportional to 
the number of bruBh-seta, It ia the author's opinion 
thai this is the chief advautago of having iitany oista 
of brushes. If two of the four brushes of a 4-pole 
motor with wave winding be lifted off the eommu- 
tatOF, it is obeerved, as a rulOj that the aparking 
iittireusea. BuL aucU a i^oniparJHun ia deceptive!. 
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inaamuch a^ tliQ currenb deiiEtty under the briish is 
doublod. 

The influence o£ all details of design on llie 
CODimiiLaLion may be uompiited with somt degi'Se of 
accoiac^, but the quality of the brushes used cannot 
yet ba BxpTCBflcd in figures. True, the contact 
reeiEtance can be raeaBured, but tliis ehangss with 
the temperature. For one &nd the s&me qnaliby' of 
brush, liowever, any dynamo designer may eji^ily and 
speedily determine experimentalljf all those constants 
which will enable him l« predict with aufificient 
accuracy the commutation of any dynamo. 



CHAPTER V, 

THE COMMUTATIO^T OF SrNGLE-PHAaH COMMUTATOR 
MOTOHS. 



The problem is much aimpliQed by considering 
motors only iu whicli the frequency of the alter- 
anting supply ie low compared with the frequency 
of commutation. By frequency of commutation is 
meant 2/T, T being the time, in seconds, during wliich 
a coil ia short-circuited. Tn such citses the armature 
current reniniLia practically constant during the time 
the nrmntuTo coil in quoatiou undergoes commutar 
tion. The reactance voltage in the armature coil 
which huppena to be under tiie brush at any particular 
moment is proporUunal tu the line cun'ent at Che 
time beingt and it is clear that the momentary 
raaetaitco voltages induced in successive coils as they 
pasa quickly, one by one, under the bruBheHi grow 
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and fall with the lice current. We may say, tliere- 
fore, that the reactance voltage of the sories motor 
as a whole (as diatmct from the reactance voltage 
of an mdividu!kl coil) la in phase with the line 
current. The K.M,F/h which then appear in the 
short-circuited coil are the same as obtain in con- 
tinuouB-eurcenC motors, vis : — 

(1) The reactance voltage E^; 

(2J The E.M.F. E^ inductyl from outside ; and 

(3) The E.M.F. E^due to the unequal diatribution 
o£ current under the brnahes. 

ObviouBlj, we havd aa before: 

E/=E, + E,, 

ThiB equfltimi holds gooj for every instantareouB 
value oE the current, and if both Ej and E^ follow the 
Bine law, the phase and value of E/ia obtained bj 
adding E^ and E^ vectorally, 

Consgqtf^rttli/, in ths case of a single-phase motor, 
complete compfiv^'Uitf^t (i.e. ^^-=0) is onlr/ Mained if 
JSf f*'w^ -fiV ^^'^^ ^h.c saviG viag flit tides hut (ris displaced 
in •phase btj 180 degrees. 

If E( and E^ do not follow the eine law, as ie very 
often the eaaej complete compensation can only he 
obtained if a third couditiou ia also fiiirilled, thia 
third condition being that both E* and E^ follow the 
eaoie curvo. 

There are a few motors for which a complete 
compensation is theoretically puBsihle, and if — in 
Buch cases — higli values of E^ and E, are adopted, 
or if copper brashes are to be ompioyecl, great care 
must be taken to eneuce that the curves reproeont- 
ing the change of E^ and E^ witli the lime are 
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Identical; otherwjn tf» camma^atiam m^ he br 
froEn jwrfctt- 

For tho three veU-known tTpn of 
motor (vuL t\^e Mrice moMr, 
coinfi^n)ut«4l rcptiljrion motor) 
iiijn of itte uparking voluge ai mil spoeda » qnta »- 
p(vH»ibIo» ftnd tlie condition that the c«m of B^ aad 
U, bo identicfti looee ita iinportuifie once the ootf 
way fj prrtvetit sparking in tbe«ec«»es tt ton^Me 
K, mid K, to Burh values that thdr rcflnltant ^ is not 
Urt(o onough to cauee brouble. The reactaoce vob^ 
K, il fclwa^A in [ihaae with the sapplj carreDt, niuae 
Itx fnqijtsjicy of supply is very low compared with 
tlio frnttiuikcy of commutation; bat the "eit^mal" 
vultiL^o Kj miiy have a lead or a Ug relative to the 
waru of tho napply curreut at^-ording to the tjpe 
of ifiutor and tbe luLler'e load ab the time leing, 

Hinun K,» Kj, and E/ oro alternating, the qaeetioB 
will Imvo ta Lc diiicuBBed whether their maximiuD 
viihmft Of Uj'^ir afTutvtive values have to be couaiflered. 
Am h ruin, it will be correct bo take the effectiTe 
vrUiinni thin in ovon correct nhcn comparing a 
tto< fiim^hino with a Bini^le-phEiBo motor aa regarde 
•purkhiH- TIjoro is one exception, however — viz. 
wlinn bbn rnotur robal^a at ayuchronouH speed or at a 
Jitii)lil|iki ut Umi Hjiichronoua fipced for a. long time. 
Iij bliJH iwmo it m correct to take the masimom value 
erf K, Into ucoonnt; this will bo evident when it ia 
rninnTifh^md that at wuch apeedti tlie maximum value 
of 1'^ iilwn^'f^ iH't.'urB when one and the same Hegment 
in uut\nv tho bruBh, The wear of this segment 
would th"n do|>ond on tho maximum value of E^ 
But inch cuwH Bie ao itifraquenb that they need 
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hartllj be considered, at least not in connection with 
motpors for ordioarj inirposes- 

The formula for the effective reactance voltage of 
Bingle-pbaae motors can be deduced from the formula 
quoted on p. 7 for the reactance voltage of d,c- 
dynamos. It is clear that nith blie same armaturp^ 
the Sinne current and at the same epeod, tlie elective 
rea^timce voltage will be the same for alternating 
curront aB for contiauous curront. In ttve case of 
the d.c. dynamo, the counter- E.U.Ph produced in the 
armature winding ih 

E=4yN'xJXMxlO-8volt8, 
in which 

N'=number of pole-pairs x revs, per second ; 

s = armjLture turns between the bruBhea ; aod 
M— flux from one pole. 

In the alternating-current motor* on the other hand, 
the effective value of the counter-E.M.t^ produced 
by rotation i& 

_^ 

in which M = maximum 5ux from od6 pole. 

Wo obtain, therefore, the reactance voltage of tho 
Bingle-phaae motor by eubstitutiiig ia the formula for 

-the reactance voltage in d.c. dynamos — - for M and 

[ly introducing for the input A the product JxE, 
I J being the effective current. 
Hence for aingle-pha^e motors 



E^ — ^ N'XflxMxlO-*. 
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(IV.). 
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Thia (orraula If; based on the Hame number of Hues 
of force per tui. winding ha were adiipted iu con- 
noction with tlio U,c, dynamo. But it is probable 
that a higher figure for the lines of force per cm- 
embedded length of winding' ought to he taken if 
the motot lias a (.h&tributed tield wimlhig like an 
induction motor and not we!l-defiTied polR-piecea 
sucli aa are uaed for d.Cn dynamos. Testa on single- 
phoBo motors of tho formor ty^xj arc scarce, and no 
experiments with regard to the resctance voltage of 
such motors have yet been pnbliahed- 



CHArTER VL 

TUE EBACTION OF TirS SllOnr-OlBCUITED COILS 
Oy THK FIELD, 

It is geueraUy supposed that a conLinuous-ourrent 
armature has no hack AT. whon the brushes are 
in tha neutral posiLioii; but it was observed by 
Mr Hobarb und tho nuthor^ during some expcri- 
motitH that in cortain conditions tho short- circuited 
coila may react on the l^eld ^na in the same manner 
as do back A.T. Such an effect has l}een observed 
by Steinmetii ^ iu cunuecLioii \vitb repnlsiou iiiDlors. 
This author, however, docs not mention how great 

' Siiiae tiiB &ppbktBiice uf the German editiitiL af tliia book, & 

treatiae \>y Dr R. Pjhl ha been jfubliflied, d&aling with thia 

labjeat ufreBctiuD Iti a vary cJthau^Elve muimer. Dr i'uhra book 

ita an titled Ofif-T •rnnjfuHiA'ht IFirhiWiffn tifr Knr^trklnSBtroinf. in 

Gliichstroinonkero. [Sluttgurt: F, Enfce, l"20 marks.) 

^ Tt-nnatiffrioni of the A-n^cvienfi Intiitute 0/ SiBtiricat J^iifimen, 
vol. xxl pi'i 61-13a> 



in 
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thia uiduence i&, nor doea Iia quote pfttticulara which 
would eDablo it to bo pre-Jelcrmmed. The pheno- 
menon observed ia put do^vn by Sleiumeta to the 
trausformer action of the short-circuited coJb, hot 
it ia Fipparenb tlmt the reactance voltage has aUo 
Bometliiug bo do with ib- 

Iii fig. 11} J donotes tho ouireub £owiiig in one 







Fio, 11,— Difli^rafti illubtiitting the reai'tiuu oriUe aiuitttma 
cuils lEiLdcrgoing comTdutfiCitrM. 

iirraabLire circuit, while Jj. Ju, Jm, ami .Tjy represent 
the currents in each oE the four aegmoiita covered by 
the bruBh. The ourreut J\ in coil I-II, is 

The currenb J" itt the armature coil II-III ie 
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Similarly, the cvirrent J'" in ibe coil III-IV is 
J''=J''-Ji„-J-(J,+J„+JmO. 

and the current in the ooil IV-V is 

But, obvioLialy, 

J""=-J and J:+J,[+Jm+Jty=2J. 

Assuming one armature turo per commutator eeg- 
mcnt, the ampere-turne of the three coils I-II, 
II-III, and III-IV amount to 

Tills simple expreaaion ia sufficient to ahow ia wbat 
condiiinna the Bbort-circuit€<l armature coila will 
react upon the field dux. 

IF the curreut ia evenly distributed under the 
bmsheB, we get 

J, = J„=J,„ = 2J/4=J/2. 

and the ampere-bitrnB of the ahort-oircuited coile are 

ia thert is no reactian oil thc^dd by (ha short-oirtnifed 
coils if the. didrlhtdiffti ofctirrtiU ttnder tltt^irmhas is 
even, trr, in other ivords, ij the fuvninUation is pcr/cct. 
If^ on the other hand^ tks stin-Gnis through atgmtnts 
I. and 11. are greater tfuin t?ie currents tkrongh III. 
and IV,^i]it (rho-ac f,?^>fVAS70/i trssn/jjirs n tiegoivue viiltiej 
fwu/ if tin inirrtifits nt /. tnul IL arc fi,iuitlhf lk<in the 
currents through 211. and IV,, ihs ej^redsion h&^mes 
pmtive. 

It ie not poaeible to calculate this reaction quitd 
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accurately', but the following approximate method of 
calculation ButHcea for practical purposea- 

IntroduciEg 2J = J|-f Jji-f-Jm+Jrv ^^ tbe ex- 
presBion al>ove, we get 

3 3 3 3 

ReactioT» = — JL+-^Jii+-^Jm-j--^iv-3Ji-2Jii— Jill 

= |(J.v-Ji)+-^(Jm-Jn). 

Now, Jill— Jii can be deCarmined if the Hparking 
voltage per segment and the contact resiatJiuce (W) 
of all the bruahea of one set are known. This maj 
be pro-vcd oa foUowa : — 

It was shown previously that E^^specific coataot 
reHifllancex dilTereiica of current density in neigh- 
bouring Begmenta—Wx number of eegmentex differ- 
ence of current denaitj in adjoining segmenta. In 
our C06G, therefore, 

E.=Wx4x(Jn,-Jn); 



Lence 



1 ^ J — ^f 



Aaauming the currenl to increafia in equal steps 
:om segment to segment, we get 

Jiv— Jt = 3(Jiii— Jit), 

!he reaction of the short-circuited coilB is thus in 
»ar case 

lis equation holds good in the caao in which the 
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bruBh covQra ex&ctly the four 9eg:mento, but during 

the greater part ol iLe lime the brush is in contact 
with five segments. The reaction on the iielj is 
then somewhat greater, and a calculation shciws that 
the avenge value oF the reaction ia S per cent, 
larger than thai quoted. Hence 

Average reaction oa the fieM=l'35 ^■ 

A general formula for the reaction of the slioit- 
druuiietl t^it'ih on ttie fielJ ia 

Reaction = S x ^l^^king voltage per segment x tuma pet Begme nt 
Con.-teaiat. betw, a sot of bruahea of the commutator' 

9 being a couatant which varioe — as aoOE from the 
following table^wich the number of segmentfl 
covered by one brush. 

S '= 0"33 in the CEtaa that the brush covers 2 segments. 



= 078 
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If the general value of S be aubstituted in the 
above formula> we get 



Reaction = 0'C83n=^. 



(T.). 



Consider, aa an example, a motor having the following 
partiGulara : Spiirldng voltage per segment^ 2'5 vults ; 
contact resiatatice between one set of hrnfthea auJ 
the commutator = 0'006 ohma; number of segmenta 
simultaneously covered by a brush = 3"5; number of 
turns per segment (5)-= 1. 
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The reaction of the short-circuited coilfl upon the 
Lux of eacli pole is 

= 0-033 X 35^ X 25/0 006=420 ampere-turnB- 

It is thus evident that thia reaction is not alwaja 
negligihle. Itegaiding its lendeacj, the following 
rule /ippUes: — 

^ If the sptirhing voltage per seff/nerU (i.n. Ej=.Ef+E^ 
is positive, the ampere-tft-rjis of tht sJtart-drcaitcd coils 
XTicreasi tlte field Jliu^ vf motors and dscreustj the fisid 
of f/eyitraiors \ and vice ve}'sd. 

The above const de rati oca and formula apply to 
both d-c. and Binglo-phase machines. The M.M.F. 
■of tho ah art -circuited coils la m phase with the 
parking volcago. Since the eparkiug voltage of 
ingle-phase motors is generally out of phase witli 
tho SaM flux, Llie latter is not only Htrengthened or 
weakened, as the case may be. but is also shiited 
phaBo, This elfect will be dealt with later on 
when the different types of eiugle-phase motor are 
considered suriaLiiu. 

I The reaction of the short-circuited coils could be 
made use of in various ways- It would be possible, 
for inetance, to design a reversible d,c. motor without 
uy field winding. The brnshes would be fised in 
the neutral position. Such a motor would have no 
starting torque, hut when once brought up to a 
rtain speed it would continue to run on ita own 



aceoLuit. In designing such a motor, care would 

have to be taken that the ampere-turns of the 

ort^circulted coils are aulficient to ci'eate the 

oceesary flux, A motor of this kind would operate 

vea better with aingle-phaac currents, because in 
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thiB oaaQ the orosB A.T. could be coocter balanced 
by a Buitable compensating winding. The air-^ap 
could tben be made small eveu if a large uiunber of 
armature A.T. per pole were choBen. 

Other applicationa suggest bbemsolTos, but the 
author dooa not thiok that the prirtcipla will ever be 
made use of for tbe reason thnt the same factors 
which help lo mcrease the reaction also increase the 
tendency to spark. 



CHAPTER VI L 

rHE CHANQK OF THE SPARKING YOLTAQK 
O? CONTINUOUS-CUItltKNT MAOHINEQ WTTK TUB LOAD. 



Shunt Motors. — Fig- 2 represents the sparking 
voltage of shunt motors as a function of the load. 
The reactance voltage E^( = BC in fig, 2) Laealcuhitod 
by means of tbe formula given on p. 7. E,, the 
'external' voltage, couaista of two componenta — 
viz. a component E^ due to the armature ilus (flux 
produced by the armature-AT,), and another com- 
poaent K^ due to that part of the pole flux which 
links with the Hhort-eircnited coila. E^ varies in 
value, aa a rule, between 0"15 and 4 of tbe average 
voltage per segment, according bo the distance 
between the pole-tips of adjacent polea^ the extent 
to which the brushes are shifted cut oC their neutral 
poBition, the radial length of air-gap, and tbe degree 
of saturation in the armature teeth. 
Figs. 2 and IS are plotted for the beat positloii of 
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thebrush, if. forE^ = -i (E,,+EJ. If the brushes 

[aro m the neutral position, however, the vsirioua 

mlt^ee in tho coil ohjingo with the load as indicated 

Pin lig. 12. As a rule, tho reactnnce voltage ia 

mfiidflrablj larger than the 'external' voltage; 

but occaaionally the reverae oc<;nr3. 

^ics Moto-rs, — The curve representing tho increase 




/■«t/ liMJf 



fiQWfii^ 



ruu iCAO 



FiQ^ 12-— Diagram inrlicatinjt Fid. 13.— Diagram mduuiing the 



I 



the LDCiBftKe of the diir^reut 
vultoDDs in thu sfiort-cir- 
ooited patla of a nhmit 
motor with the load, tlia 
tinmhes beiDg fired in tlifi 
Jinatral iKuition. 



^arialiuii nf llie apurldiiEr voEt' 
m^ of n aliQDt mator^ith the 
\fytA, the DiDtor bfiahta being 
fixed in the best pontion. 



m roaetancQ voltage of & Eeries motor with the load 
depends largely on the prevailing conditiona as to 
satiiratJoiL Let curve T. (fig. 14) represent the 
increase of the flux per pole with the armature 
current, and curve I!, the speed of the motor. The 
reactance voltage and the voltage E^ due to the 
armaturG 1lnx are proportional to cnrrent x spee<1. 
The cnrvea III,, IV., and V, repLCsent the reactance 
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▼qhaeg> the 'extenul' vdlsge, «od the Bpatking 
rolUge agunst the carreiit or the toaJ, the brushes 
being pernununUj in dM Mmtrml pciHitioiK 

If the Ivtobe* taow be shihed backwards, another 
KU-F, (E^) «ppettn on iiceoaiit of part c>f tbt^ field 
dui V-fcomi]^ hnked with the sboT^<:ircuited cqUb. 
This E.U-F. tyloses both E, and ^ and is propor. 
IiodaI to Snx density x speed, or current x i([feed. 
Hence there u a certain bnish pccdtion for which a 

completct ccmpenBa- 
tion of the sparking 
voltagie oO(!ura aL ull 
loads, iy. 

is Gonstantlj' zero. 
This, however, is only 
true as long afi thete 
ia proportion all t J be- 
tween the cwTQct 
nnti the fieW fliix 
which links with the 
coils. If, on bbe 
other huid, tho field 
maguet system is highly saturated, the compensa- 
tion will be incomplaLe^ jet much better than in 
Bhuut inotrora. 

Since series raotcre are required, aa a rule, to run 
in either directionj their brushes have to ba fixed 
in the neutral position and little use can he made 
of the above excellent projiflrlies, 

Cijinpouiid Motors.— UliG curve representing the 
variation of tho sparking voltage of compound 




ofinn^ 



rui L»v. 



Via. 14- — nidgram itidiritin^ the in- 
crease vt ihr tUHertiit ToTU^pU IQ 
the jburt^cirrui(c<l cciils of Kiiea 
motets vii\i thr load, tlie bnuh« 
htwig in tbo unicral -poiiitiDfi. 
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jnotora, the hruphwH of wliicb have been fiLifted to 
tthe boeb position, liea between the eorrcapoadiug 
Qurvea of the ahunt and series niotora. 



CHAPTER VIII. 

THE SPAEKING VOLTAGE OF SIKGLE-PHASB SKEIES 
MOTORS AS A FUNCTION OK THE LOAIh 

'iG, 15 represents a single-phase aaries motor 
["ffhich 13 provided with a ahort-circuited compensat- 
1^ winding, Its diagram — Delecting tho iron 
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fiD, IS.— Diagmiotuotiu sketch of the oorapcnsoted acriea motoi', 

losses and assuming the armatitre winding to he 
eompletelj' CQiupeneated by the com pen Bating wind- 
ing — is shown in fig. 10. For a given current OJ, 
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the IiM,F.'a in the motor are E^O (ohinic drop), 
E^Ej (produced by tlio pulsating field in the fiold 
winding), and E^F^ (produeeJ ia the armature 
winding by the latter's rotaLiori through the field 
flux). EgEg ia proportional to the speed and in 
phaae with the cunent ^Ifi represents nn E.M.F» 
whose direction ia from E^ to O and must be dis- 
tinguiahed from the vollage Ej, 
which has the fiJLine ubHohite value 
as EiO but ia opposite in direction. 
The same remark appHea to all 
other vollaj^es. The three E.MT/s 
Kfi, E^lCij and E^E-j oppose the flow 
of otirrant, and so that the cuireut 
may dow none the leaa an KM.E, 
Eg must be applied at the motor 
terminals. The angle E^O J repre- 
sents the difTerence in phase between 
Fio, Ifl. — flimplB the impressed E.Af.F. and the cur- 
dioflTim of t> ^ ^t atandatill. the irapreBSed 
motor for a con- E.M,Fh necessary to produce the 
staDtcmrronL eurrent J is OE, and the phaae 
difference ia large. OEj iuLtreasea to OE, at a 
certain apeed. 

In practice, howoverj the compenaation ia never 
Qomplete, and there appears on this account an 
EkM.F, of self-induction in the arraatme, OA in 
fig. 17 represents the arniatnte A,T,^ aiid O B stands 
Tor the A.T. of the compenaating winding. TUo 
most convenient way of introduom^ the armatui-e 
self-induction is by assuming that only a part (OA' 
= flj'0 A) of the armature A_T. affcts the stator 
windlua. Tlie vector sum of OP* and OA'ia OC 
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and the flux proportional to OC induces in 
ccin[>mLBaLLUg wiiidlDg ni] E.M.F, PA\nul Ui 



the 



Current in tbecompen8,wind.)x (ohmie reBiat. of this winding). 

Similarly, if OB'=r"UB repiesent that part 
of the AX of the eompeoButiny winding which 
artectB the atinature, then UE = OA + OB' aLauda 
for the A-Th which give rise to 
self- induction in the armature, 
OE producea a fiux which in- 
duces in the armature winding 
a volt^e F/O. and the E.M.F. 
at the motor terminaia must now 
alao counterbalance E'O in ad- 
ditiou to the other volcagea 
mentioned. O C ia at right 
augleB to OR. The munner of 
calculating the conatatita v and 
If" will bo explained labor oa 

Fig. IS, a combicatioii of figs. 
16 and 17j is the diagnini of 
a bingle^plkitse motor with self- 
LDduction and negligible 
losses, E]0 and K^E, represent 
the same quantities ae in Hg. 16 ; 
EjE^ is the voltage indueed in 
the ainintiire by the incomplete eoruiieiiJiation, while 



p 



I 




iron Fiu. 17. — Difl^am illui- 
tiou of tlk« AriMiktuiv 
iihiL^p spiies mntnr- 



EEjj is the comiter'E.M.F. in tlie aiiuaLiua due to 
rotation. When the motor ia a.1 reat, the ioiprosBod 
voltage ia O E.^ and at a certain epeed U it ia O E. 

So far, thiB diagram relates to a cciLain current 
only, btit it is obvious that u^ ^'ing aa the iron remains 
unsaturated all quantities are proportional to the 
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cuTTent. TTie angles Id tig- 13 remain conBtunt^ and 
ftll veotoi'8 iiicreftse in the same ratio as the current- 
It ifi seen frrjui thiEi very simple di^rjim that, at h 
given frequency of the supply, the power-factor 
depends only on the apecd (increaslnp with it} and 
rot on the \ot\i\, except in as far &fi n change of lund 
ftfTects the speed. 

Tlie diagram fur a constant lenninal voltage is 
eaailj developed from that for a constant current 





Fig. la, — iJugium ol \ sin^le- 
jihaae serieR mobv wirli m- 
comfilfLi! c<im]K.'iJ^licjii met 



Fio. IS. 



when it ih rtmembcied that the invorao figure of a 

straight lino ia a circle. The volti^ OE in fig. 19 

(^UEginfig. 18) is sufficient to force a current J 

( = A) through Llie standing iiriuaturejmt a vultj^^c 

O E' ( = K ill lig. 18) is required to prodnco the same 

cnrrent J when the motor is rotating at a epeed U. 

If wc tieep onr terminal voUi^ conatant, however, 

it means that at the speed U only a cun-eut 

OE 
Q J = -~, X A will (low tliroui^h the annature, 

O E 
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Since the trianglea AOJ and E'OK are Bimilnr, 
angle AJO — nngle E'EO^conabant, i.e. the pLaaa- 
ditterenco beWi'er the cntrent U J and tho teraiinal 
voltago OE ia tho mvao as between OA and OE'. 
The locjia of J is s. circle, whose centre M ir the 
point of intersection between n perpen^^icidai- to A 
drawn niidwaj between the points and A find a 
perpendicular in O to 
E. E is con sequent ly 
a tangent to tlie uirele. 

Fig. 20 is a repetition 
of fig. 10, but with the 
vokage vector upright, 
(OE represents tha con- 
stant vohageat the motor 
terminals, A ia the cur- 
rent at stanftstill [i-s- the 
ahort-eircuit current),aiid 
n J gtaodB for the current 
at 3 speed U. This speetl 
U ia repreaented by A U, 
iOB day he Bhown as 
follows : — Referring to 
fig, 19, U is proportional to EE', therefore also pro* 
portioTial to E E'/O E, E Irtiiog conslant as iissumed 
But this ratio ia equal to the ratio J A/0 J in figa. 
^19 and 20. If a lino be produced tlirougli A parallel 

OE, this line being intersected by OJ in Uj the 
triangles A U and OJA are similai- and 




]riG. 20. — Diagram of the Bingle- 
phatif iLeticti motor with u?^- 

ligidlo Itoii ItiBMifl for II oun- 
Btont If iniinfrl vullagf O E, 



AU=OA 



JA 
OJ 



tince A ifi a constant. A -^r— (i.ti. also AIT) i£ 8 
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■'=t. 



^^ . 



iiiooeiiro of the speed U. The torque is pruportioizal 
to the sqiiart^ of OJ, 

The BpH-rkiiig voltage of fl sioyle-phise motor ia the 
vector suju of the reacliince voltage and the " eitemal ' 
voltage iuduced in the Hliort-ciTcuited coila. E^ the 
reniilfinco voltftge. b in phaae wiih the armnture 
ciurent as has been ah-eady pointed out If there 
wore no coinpousating winding, the E.&I.F, induced 

iii the short-circuited 
coils hy their rotatiuu 
through the annature's 
own flux would also 
be in phase with the 
current. But the com- 
pBiiHating winding ha£ 
the effect of retarding 
this E.M.F., which may 
now be represented 
both in pliaae and nmg- 
uitude by the vector 
OA (fig. 21). OA ia 
generally very small 
in value and may he neglected iu ordinary single- 
l>liiae motors. But the valtagss E,=OW, induced 
in the short- -circuited coik by the oscillations 
ol tlie field Hus, ia very latge. It iu evident 
that this voltago lags 90 dogreee behind the Seld 
tiiix, therefore also 90 degrees behind the current, 
E^=OIl (fig- 21) ia calculiiled from formula (IV.), 
and OA ia proportion al to the speed and to the 
flux in tbe direction of tho bruahee. I'he mt^- 
nitnde and phase of this flux can be determined 
witli the oid of fig, 17, in which OE ia tlie M.M.F. 



WAHS^QJiftf^ t^.r^ff£ 




w o 

KlQ. ai. — iJiigrom ftlxnwiiip tUc 
j^huo ii'lfttioim of tltij diiTi^reut 
VflltipPH tudurad i^ ihii short- 
cii'i iiitnl ooila of ft BinglL^ plibBti 
Mhiii inutiur. 
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which produceB the fl^x m the directiLiii of the 

bruslies. 
For calculating E^ = O W, we can make use of the 

I formula employed in connection with LransformerB: 
O W = 4'44 NsM 10-« volte, in which 
N = fraqueucy of supply ; 
^^ = = turiia j)er t*^ment, and 

^P M = flux of one pole.' 
la a motor with a given Hu^t M, the reactance 
voltn^ OB and the 'rctatioQ voltage' OA are 
proportional to N' (frequency of rotation), while 
the ' transformtr voltage* OW is proportional to 

Pthe frequency of supply. All three are proportional 
to the current iu the motor, B, the vector aimi of 
OK and A, forma an angle o with OW, In fig. 
22, theee volta^ in the short-circuited coil have 

kbeen plotted as a function of the current. The 
curve of the r^purkiitg volt-^e is oLtained by adding 
OB and OW vectorally. Fig, 23 represents the 

I sparking voltage aa a function of the load. The forms 
uf the curves in figa, 22 and 23 depend largely on 
the ratio of OW to OB, and this again depends 
partly on tho tlux doiiaiLy in the nii'-gap. The 
reactance voltage IB smaller, and the ' transformer 
voltage ' ia larger, as a rule, the larger this flux 
deneity. 
In caaea in which the transformer voltage ia large 
I compared with the reactance voltagp, the [iiaxiiuuin 
sparking voltage occurs at starting, because the 
Bhort-circuit current in the motor then gives riEo to 

' For*nnfcnire» of thftGrammc tyjiaM denoiea hilf llie ilnic from 
cne pale. 
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A Strong alternating field which i^ins indiicea in the 

iioWs a hiv[i iransformer volt^e. The stardng bon]ue, 
however, incteoses more nipidJy with the current 
than thia transformer voltage, and it is ciear that by 
reducing the terminal voltage at starting a sufficient 
starting torijiie cau I'e secureri with<:<ut inrreasing 
the traiiftformer voltage in the short-circuited coiia 



\'^^'-**2:^ 


^.^^^y 




\tj„ 


j^ 






r 




^^ 






"^"^ 






^^^^ 


t t/fffli-^T 


^ifij.-/. 





Fid, Bl}, — TliD R]arkiji^ vr^ltagp oPb Biof^lc-Tiliaae Keriea motoi 
OR 1 fmictinn of the cuirsnl; 



untluly. It is. therefore, not the abeolitte maximum 
vnhie of tho apjirkiiig voltage at starting which is of 
moat concern^ but rather that Bparting volti^c which 
corraaponds to a apecifietl tonjue. If the starting 
tc)rque is required tu he large, l.lieri certainly the 
sparking voltage at starting ia of cardinal iraportance 
and oversbEiJowB all other con side ration a. 

So inT, it liftB lieen aasumej:! that the various fluxes 
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were proportional tv tlie MAf.F.'a prtKiuoiiig tbem. 
As & rule, howevar, this Ib nob the case, as Uie iron 
paths become more and more soturatecl na tho load 
inereaaes. It iB not good practice to keep the Ilux 
densitiea too low, because Ibis favours high reactance 
vohagea. It seema lieab to design the motor fof 
mcdiiira ila^- denaitico. 

Obviouel}', fig» 21 is no longer correct wlicn 
high denailiefi occnr. When this takes place, the 







jmmn^ 



i£WC 



Fig. 33, — Tlie spirting TirltaKc of a single- pliuau furies uwitur 
ibH a fniictioii of tlioload. 



cbarauteristit? cmvea of the cootor have to be plotted 
point fur point with tlio aid oC the diagram fig, 18. 
Up to now, we bavo neglected the M.M.F. of the 
short-circuited coila. Fig. 24 shows how the diagram 
tit fig, 18 is altered when tbis M,M.K is also taken 
into accoituL A reprsBEuta tbe iiniialHin-e A.T. and 
OB etanda for the field A-T. Let the A.T, of the 
6hort-cirDuitcd ooiIb, calculated froinequalion(V.), he 
indicated in value and phaBebyBE' BB' is in phase 



GO 
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with the sparking voUage. The resultant field A,!', 
(aud the Beld Hu^ as long aa the magnebic path is not 
saturated) are then reproaonted by the vector OB'. 
This resultant flux OB' gives rise, in the short- 
circuited i!i*ils, to a tranaftumer valtaga E, Ej (90 
degrees behind OB') and to a voltage E!E^ due to 
rotation and in phase with B'. The dotted linoB in 





FlQ. 3A. — JAsgraju or tk^- Aingle- 
phue Bches mocnr incnrpotuc- 
iog the rPActlon or tho slitnt- 
uiTuoitod cotld iLp<jii the f»ld. 



ITio, 35, 



fig. 24 eotrespond to blie vectors of fig, IB ; they are 
reproducetl to ahow how the original diagram :a altered 
by including the M.M.F. of the coils under the brush. 
It, IK seen from fig. 24 that, at a given speedy a 
higher terminal voUf^e tliau before ifi iiefeasarj in 
Older to counter balance the additiopal effect of this 
M.M.F. Tha phase- difforcnce letwoon the improasod 
voltage OE and the main current has diminished at 
the sauHi Lime, 
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We arrivo thna at the following conclusion : — 

At a gi^mi Urmiiifil volta^<\ ihe reaction ofl/ie sJiort" 

eirmiteif. <ot7j tm the fiM restfJts in a Ttthutityn nf (he 

s^tectl aiul iih an iticrease of thf. itfyujcr-fatlor v/ siiiyU- 

In fig, 25. the vector BB' ia resolved into the 
two corapononte BB" aad B^E'h The first ie 
perpendiciilur to OB' mud cori'^sponda to Ibe 
IraiiHformer voltage E ; the aetOEni n^preaenta the 
ree.ctance and rotation voltngea^ Both vectors 
corroepootl, therefore, to the vectora OW And OB 
in fi^. 21. 

Far » given current, B3' remains, practically 
speaking, couaUnt, while B'B' increaaes propor- 
tionally with the apeod. llie two components B^B' 
and B B" create tluxos which, in their turn, give 
rise — part]}' hy induction and partly by rotation — to 
various voltages in the field and armature windings. 
All the different voltages are indicated ly veclora in 
lig, 26, which lepiesenta the diaj^am oE the aingle- 
phaBo aories motor ior a constant current but 
variable speed and terminal voltage. 1-0 represents 
the ohmic drop io the armatrure^ aful ia in phaye 
with the current OA ; 2— L is the E-M.F, in the 
armature due to the incomplete compensation ol 
the armaturo A.T. ; the broken line 5-4-3-2 re- 
presents the various KM.F.'s induced in the ^cld 
winding by dilTerent iliixes, and the broken line 
E-7-6-^ represents the E-M-R's induced in the 

1 Tu h<a quite con'tct, the Jrop of voliage mjJur the truahea 
oinflit \a b? cdU^iJerwi >ie^mritt*-! j - Wtru tlil* Juift, it would te 
foLim) Ihat Cfaen \% a sniJiU rJllTpreiin? of ^iIiam hi?:weeiL current and 
ohmic drop. 
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ftrniatujv hy iU rotation tLrougU the varbus fields 

It will be observed that 0-1 and 3— i are quite 
iudepeudent of the speed, and that 4-5, 5-6, and 
6-7 are projwrLional to Uie speed, while 7"E ifl 
proportion^ lo the square of the speed Hcnco, the 
iiupreesed voltage at the teri&mAls is Lhe vector sum 
of a constant vector 0-4^ & vector 4-7 = constant 
xspeeJ, ^Lud a veutor 7-E = constttntx speed-. 

Such a complicated diagram as tliat of lig, 25 Deed 
&ob be need for practical purpoaea; it has been 
merely developed to show how a cboncro in the 
conditions affects the action of the motor. The same 
remark applies to Lhe diagrams to follow. 



CHAPTER IX. 

THE SFABKtKO VOLTACIS OF THK HKPULaiON MOTOft 
AS A. FUNCTf05 OF THE LOAD, 

Ftd, 2G is a diagrammatio sketch of the repulsion 
motor, iuveuted by Professor Etiliu Thomson.^ The 
Btatitr winding zua_v consist of one coil at an angle to 
tho line connecting the brushes. It ifi coiivenientp 
hiwevcr, to repr-osont the one actual atator winding 
hy two coiiipi>Qenl winding - : one in the dirocliou of 
the .r-uxia and pradiicing the field flux M„ the other 
ill t]}B directiiiu i>f the ip'^xia and creating, LogeLher 

^ Annrknn |«ilPiit, No. 363,135. 

' Rtai Laimiit^ Trntitictii^ns i-fChe Ainei-iaiii IiudidUeo/ Eteclrisa! 
I^rgiHrfTt. vA \\l \<. Bl i Aiid Rbh]vrg,.£'/&tfivfar,^)r£s?^ ZfitsfArift 
1UU4, Ki>. 4,% JJ. 




FlO, M.— DuifiTflnuafltichkeUl of repaHon motor. 



hy the armature*H rotutiun tlinmgli the field flux M^ 
If it be asaumed — aud this assumption is approxi' 
matclj correct — tbat M, ia in phase witli the atator 
curi'ent J^ tlien E„ will also be in phase with the 
Statnr curretiL Sinte tlie anriNttiUl of the voltages 
in the armature must be zeio iit any LUQments ^^ 
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follo^ys that there miiat be a second E.M.P, in the 
ormaturo equal in mt^gnitudo but opposite in direction 
to Ey. Thift voltnge can only be due to the trans- 
formet flux M^ as there ia nothing else to account for 
it Mp, ill order to induce the desired voltage in the 
armature, must lag, therefore, 90 d^'eea behind the 
atiitor currontr J. 

In fig. 27, A^ampere-lums of the transformer 
coil and A'B=Hmpere-tun]8 of the armature winding. 




FlO. QT.'-Sbnplfl duigTBm of tlie repulsion Diutnr(witli iif>g[igiblfl 
nrmature reaifttanpe) for o confitant i^lator purrent. 

I'art of t]io thix through the ti'atiBfoTmer coil ia lo&t 
by disperaion and does not penetrate the aruiaMire. 
IjOt the transformer- A.T. which act upon the arma- 
tura be denoted by 

It ia the resultant (OB) of OA' and A'B which 
producoB, in the diroctiou of the */-ay is, an oscillating 
flux just aiiffioient to induce in the armntiirn windicg 
an E.M.R equal and oppoBite to E^. Tlie impressed 
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roltage ftt the motor terminals ie the vector Bum of 
the foliowing three voltages; — 

Ei=OF, a voltage necessary to counter balauce 

the self - induction in the transformer 

wicding; 
E2=FG-, a voUa^re requireil to comnenaate the 

R.M-F. iii(Iii£:ed in the ficM coil ] and 
Eg— GH, a vciltage to compensate for the 

voltage-drop in the atator- winding. 



induced 



resulbant 



the traneforroei 
> of the armature 
flux which linlcs with the tranaformer winding. This 
rcBultaiiL is repreaetiled hy OD, and the voltage Ej 
'jnuBt obvioualy load the vector of D by 90 degrees. 
E^ IB equal and opposite to the E,M.F. of eelf- 
induction in the field coil and is thus 90 degrees in 
advance ol Llie enrreni vector A. 

The [Complete diagram, in which acocunb ia also 
taken of the armature rcBtstancc, is ahown in Gg. 2S, 
The voltage induced in the armature winding hv the 
alternating flujc M^ haa now not only to compensate 
Et, hut also the ohmic drop in the armature in phase 
ith the current. HcEce the resultant of the trane- 
jrmer"A,r, and the ariuaturo-A,T. has to poSBeas 
'not alone a component B, as before, hut algo a 
component B'B in quadrature with the armature 

Ifcurrent A'B', B'B is calculated from the equation 
I ?^ 

P OB 



^ 



voltage drop in the armature 



The vectorB 01), OF, FGj and G-H are determined 
AS before. H is the voltage wliich Ua^ U\ be 
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applied to force the currenl O A tlirougii the motor 
at the given apeed. CD ia parallel aad equal to 
A' A- O D ia the sum of the four vectors B, B B', 
B'Cj and C D. Similarly, we may resolve F into 
the foor coinp^nients M, M N, N Q, and Q K. Tha 
hroken line B B'C D is similar to M N Q F, but 
Lurued rouad 90 degrees. The meaning oE each 
vector ifl clear from ita dixection. QF, FG. and 
GH — at a given stator current — are entirely in- 




Fia. 28. — Diagri-n] cf tlio ropul&ioumotorfur a constant atator Giirrent, 
nccAUDl b^ing taken of tUe armatnri? r«^«t&iio«. 



dependent of the speed ; M is exactly proportional 
to the flj.ieeJ, while MN anil NQ increase with the 
speed bui niit in exact proportion. Draw BO and 
N Q to meet in Z. Then 

Tritmglc 2 M N is similar to triangle A'B B* j 

and, Bitice the form of these triangles is in- 
dependent of the motor speed, the angles of 
triangle Z M N alwaye remain the same. The 
final diagrf^m af the repulsion motoi: for a con- 
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stant current may now b© drawn as shown in fig. 29> 
in which OA=Btetor cun-eot, B^aalf-indiiction 
in the abator ( = QF + FGia fig. 28),and BC=ohinic 
drop of voltage in tbe etator windinff. Draw a per 
pendiciilar to OA through C and make Ci^=OZ in 
fig, 26, and construct the triiin^le ZAINQ by 
making MN=ohinic drop of voltogo and NQ = 
E.M.F. of BoJf -induction m the armatnre. At stand- 
itill the triangle ie in the position Z C N'Q', and Q' 




■represGnta the requisite voltage to produce the 
(lurreut A in the fitator when the motor is at rest. 
As the motor speeds up, the triangle cbaages its 
size and position, Z remaining at ita place while the 
point M sliifta along a line parallel to OA. ZM 

^obvion&1y increases wteatlily with tlie speed, and, since 
ihe triangles in avery position are nil similar to one 
another, the other aidea of the triangle, viz. MN 
and K Z, increase in the Sitme ratio. Point Q in- 
terests us moat because OQ represents the terminal 
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voltage, and wo oan shorten the diacuBeion on tho 
diagram by considering the liiani^le Z MN. 

It IB not diflic.iilt lo set! that tlie louiis oF Q is a 
abraight line forming tlie earae angle with M C ilb Q Z 
does witb M Z. Q'Q. like C M. is a measure of the 
Bpeed, foe 

M li 

The simpieet form of the diagram of the lopulsion 
motor ior a given Btatot current is shown in fig. 3D. 
It takes no account, however, of iron and friction 
lo^ee, aud of the reaction of the short-circuitad coils 
upon the field flux. In fig. 30 : 

A = Stator current ; 

OQ'=Voltt^ required to forco OA through 

the Btator when the motor ia at rest ; 
QQ'= A difttauca proportional to L^he speed tJ; and 
OQ— Voltage at the atator terminals at the 

speed Up 

It is now a simple matter to dovolop fiom the 
congtaat-eurrent diagram (fig. 30) the diagram 
which obtidna whfu the voltage at the stator 
terminala ia kept conaL&nt (6g, 31). Let OK repre* 
sent this constant terminal voltage and let OA 
denota the short-circuit current at this voltage. The 
differetice in phase between the two must be repre- 
sented iji both figures hy tha same angle— t.e. angle 
AOQ'in % 30=angle AOKin fig. 31. 

If it is desired to find the atator current for any 
Bpood — say for the speed corresponding to the 
voltage OQ in fig. 30 — tiraw the triangle OAJ (fig, 
31) similar to the triangle OQQ'(fjg, 30). Then 
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E and O J form the aame angle as Q and A, 
and, furthermore, ^f (%. 3L)=^ (fig. 30). 

Considering that the an^le A J ( = angle QQ'O) 
is conaUnt, it follows that the locus ol the point J 
ia a circle whose cenLre M ia below the line OX 
(0 X ie at right angles lo E), The angle M X = 
angle between OA and Q'Q in fig, 30. The motor 





■|c. 30. — Biinplc Jiu^TULj oI 
thfl feliillabn motot FflV 
4 colll]Cfi^t cLTiTsntT no 
Hcconut being Ukfit ot 
iron flinl frintiflti Iosmh 
■uid iir bliT: rotction vi tbe 
iJorninat«tLflg orrila. 



Fig. SL — DEdfj]4[ii i>f tlie rejiulflion 
motor for a oiigtAnt tenoiiial vult- 
afle. Tbu diaaruni takes uo acoomit 
oftheiroti una Mctinii Idhocs lUil 
or blid leacllOTi of tb« BViort-oii' 



H[>aecl is proporbional LoAB (B l>eij]g the poiut of 
iuteraectioi; between OJ and the perpendicular to 
O M throt^h A), ae can be proved as follows :- — 

We know that tho epoed ia proportional lo ^jf' 
{fig. 30), hence also proportional to ^^r ^^^- ^^) 

and proportional to -=-— = conaUuL x A 11. 
\j A 
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It would not 1)9 difficult to develop other dJa- 
grama from fig, 3] to sbow the efTect of varyiog the 
conditions in all kind of mannere ; but Buch com- 
plicated diagrama are of little practical value. Even 
the diagram fig. 31 is not simple enougb, and when 
ib is reineiuhered that ftg- 31 is baaed on the 
aoaumption that the fluxes are proportional to and 
in phase with the M.M.F/s, it becomes evident that 
it ia preferable in many csbsb to make use cf the 

very simple diagram of 
fig. 27 and to calculate 
the carreDt for a few 
points. 

These diagrams enable 
us to investigate how the 
fiparking voltage of a 
repulsion motor varies 
with the load, The dif- 
ferent voltaj,'QB in Che 
Fig. aa— The vuIUbob induced coila shoit-cirpui led by 
inlUBcommuUimgcoilB ff a ^j^^ i^rusliefl are indicated 
rennlaion motor. 

in fig, SVi. ITiey arc:— 

1. Tlie tranBformcr voltage OW, which ia pro- 
portional to and 00 degrees behind the flux MU- 
OW depends on the frequenoy of supply but rot 
at all on the niotcr Bpeed, 

2. The reactance voltage OB, proportional to and 
in phase with the armature current and proportional 
to the speed, 

3. The voltage OA diia to the rotatioTi of the 
shurt" circuited coile through the field M.^ OA ifi 
proportional to M^ and to the armature speed. 

On the aseumption that both the Geld flux M, 




^j^ftgjygn Hi THE yjBrJ^OV-ta;?»fc£. 



I 
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a&d the tranaformer tiux M^ follow the ^ne law,^ 
we find 1 

OW-4-44 sN M,1U-'' volte, and 

A=4'44 s K'M» lO"* volte. 

New, M. snd M^ ore, as we already know, not in- 

dependenl of gne another. They are connected hy 

the fact tbab their lesnltant has to be of such magni- 

tiido aad phase aa to lEdiice in the armature wmd- 

ing an E.M.F. to compensate the ohmio drop m the 

aimature. Thia dropj however, ih uBuaily small. 

M, givea rise, in the armature winding, to an 

effective ' lotalion voltage ' 

4 
= -^-^sN'M, 10-*volt8. 

and M^ producOB in the armature winding an 
effective * tranafornier voltage' 

=r^"^sNM„10-«voItfl. 

TTfa 



N' 



Henee, very nearly, 

N'M,=NM,, or M,-^M.. 

This value introduced into the equation for O A gives 

OA=4-44:=^M.10-» = fS.l OW. 
N \N J 

OA and OW have opposite aigna, and their vector 
Eum ]£! equal to 

At ayn^ihronoua speed 

N'=N, {.c. UA + UW = 0, 

■ It 11 sfaowD ID A])|iciicIiT 1- tLat tliia it odF Bctiiilly lltQ caMl. 
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mad Ibe ^ukii^ volt^e ifi siiiipiy eqaol lo the 

Al flpeeds below Bvrrlironoirs speed, W is larger 
thui O A. And At speeds above s^nclironous apetrd A 
prcdomioatoB> The spv-klDg voltage and ita phase- 
ui^ with ibe stator cmreDt are different^ tbarefora, 



ftt erer^r speed. 




Fio. B3,— Dipigrun iiidioiLting tho TtmUon of tUa Bparkitifi 
Toltag* tjf n repalsion motbr with the qtator cartent. 

It IB also intereating (see figs. 33 and 34) tc plot 
the spurVing voltage cif the repiilaion motor agaiuaL 
t-he stator current aud the load reapecLivel/, To 
thia end the dift^ram of Hg. 27 may be made use of. 
Wo aaaume varioua values of cmrent and obtain 
then from % 27 the correa ponding speeds. If the 
data Df the motor aro given, W atjci A are easily 
calculated from the equatluna stated above. 
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The onlj r[uaiitity which now remains to be 
determined ia the reactance voltage; 

Let the angle between aiator ami armature current 
(—angle BA'Q in fig. 27) be denoted by ^,5, The 
armature current is 

It will be shown later uu that ^t Byncbruncua speed 

B _tnrnB of field coil 

A'~tnrris of Irsneformer coil 

If this ratio be denoted by tan a, we have 

at ayncKronouH apeed : tan 0^ = tan a\ 

N' 
at all other speeds : tan <fh^= jj- Can a . 



Hence, J^=J^w'H-f^ tan ^tV 

The reactance voltage ia in phaao with Jj, and both 
its magnitude aiul phase are fi^ied when the angle 
^i^g is given. Figs. 33 auil 34 hitve been detBruiined 
in this way. In tig. 33 the absolute valuca of the 
conipoQente of tho sparking voltage have bcoii plotted, 
but iheir phase relations have not been sho^\T], 

Of eoiirfie, the above equations do not hold good 
when the iron pal^lia become Scituraded. When this 
occurs, the characteristic curves have to be plotted 
point for point. 

The reaction of the shnrt-<?ircuited coils upon the 
field plays a more prominent part in repulsion 
motorB than in single-phase series motors because 
ita offoot with regard to tho powor-factor is good or 
bflU ftceordiDg to the speed. For speeds below 
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^nclkioacma speed, %he apftrlds^ Ti>1tAge hg^ behind 
the unutore corrent, and, as a nUe, also behind the 
aUtor etmect {A^. $2), &ad this has tbe effect of 
iuci'cwung the power^f&ctor, Bnt when the speed 
exceeds sjucbronoue speed, the sparking voltage 
leads the etatot cuirerLt and thna haa the eflecb of 
tho field flux iorvordQ- 




I 

I 



Fif-. 81. — rHigr&m aliDviDg hov ibe a^vukiiig vol lags of* 
rcpalfiiLili motuT ™ii« *'ilb the luod. 

Fig, 35 is tli0 diagram o! the repulsion mobor at 
5peedfi below s^ncbroniam, account being taVen of the 
Reaction of the ebort-circ Lilted coHb upon tbe Beld; 
the dotted lines correspond to the vectors of fig. 28. 

0A= Ampere-turns of the Lrongformer coil, and 
S = Ampere-tnmB of the field coiU 

T?ie reactioD of the 8hort-circuite<i coili^, ualculated 
Rs explained above, in in phiise with the sparking 
voltage, tbe niE^nitudo and phdse of which are 
computed as sel forth in tha preceding pages. SS' 
in fig, 35 repreaenla thu reaction in ijuea lion, and the 



SPARKING VOLTAGE OF REPULSION MOTORS, 75 



reflultant field flux of the motor is given^ both in 
value aad pliaae, Lj' tlie vector OS', OB is aL right 




Fic. 3Ei.- — Diagmu af a reptLlBion motor Lelow bJ[i- 
ohroiuiiu speed, (TiDVinfr th^ affact due ta tlie 
reaotlon of the ooils nnBcrgoiiig 4-orniiintsticJL 

angles to and also proportional to S' if the arma- 




Vvjf. 3fi. — Diigrftfii of n rpiiulflioii tnotor abovo syn- 
QlirtiFiOUH flpecd, sfHJwiug tliB elTtut line to Ihp 
rBBoLiou of the cciUb luidergolug commuUitiou. 

ture i*^iataiice ba nef^leeted. The other points, viz. 
E'j C, D, and F, are determined as before (fig. 'IS). 
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FG ia perpendicular 1* OS', while GH remains as 
before.* 

Fig, 35 is tlie same digram, but for epoada higher 
than synchronouj; apeecL The sparking Tollege, 
determined wilh the aid of these more complete 
diagrjLEuH^ dif!ere to a certain extent from the valuea 
Dbtainod hy means of thu aimpic diagram, and, if 
great accuracy ia aimed at, a correction haa to be 
made jLccordlugly. 



CHAPTEK X. 

THB OOMPENSATBD REPULSION MOTOB.^ 



IlTSTEAD on the stator, the field winding is en the 
armature, being one with the ordinary armature 
wiudiug (fig. 37). An adiiitioiial E.M.F. now 
appears in the primary circuit due to the rotation of 
the armature through the Hux M.^, this KM^F. being 
proportional to the speed and to the flux M^ But 
sinte M„ ilKelf is [jroportiuiial to the speed, as pre- 
viously pointed out, it fnliows that this additional 
E.M.F, ia proportional to the S([n[irQ of the speed. 

Fig. o8 is the diagram of the componsatod rcpnl- 
Bion motor for a constant current, based on the 
asBumptiun that Lbe iron loHHe» anil the resiatartce 
of the shorfHiircuit path are ii^Ugible and that the 
Huxee ore pro|3ortional bo the respective ompere- 

1 Ti> be quite correct;, tbe voltage ^drop undsr tbe briiahea ouglt 
ofrriin to be fouBidered aej^aratelj. 

- InTeikti-ii ^imultDneauBly by M. Latour in Fnnce, ud HerT«a 
Wiater tnd l^hhotg in GiMmaiiy. 
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Flo. 37. — DiAgnmmstic sketcli of a compenut^d 
repulaian mator. 




Pie. 88, — Simple diagram of the oompensBtfd 
npulucHi motor for a oonstuit primary 
ourrent. 
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turns. It is identical with the diagram of the 
repulBion motor (fig. 27) wi1>h the exceptioD. of the 
vector H H'. 



We have 



"«-© 



GF. 



As soon as t^bs motor speed inereaaea a. little beyond 
Bynchronoua H|)eed the pnwer-factoi becomea unity. 
In fig. 39 account is also taken of the resiatflnce 




Fia. 39, — Dlu^miu ut tUd uumpeumLed repulsion mntar 
for & eoiiilaiit primary Qurrent* Jiccuimt Ijeiug taken 
of the reaiBtniico *f tlio Hhort-oircait pitli. 

of the shDrt-circuit path, and 11 H' is parallel lo B'. 
Otherwise, this diagram is identical with that of fig. 28. 

Por clearneaa, the different caniponenta of the 
improaaed voltage at the motor terminals have been 
re-plotced in fig. 40. Vector OF has four com- 
ponenLSj viz. O M, M N, NQ and 0F» and VBi^tor 
H E' ia the tesultart of H J and J H' 

OM JB the componoat in phase with the primarj 
current, being proportional to the speed. 
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Fio, 37. — DiagramTimtJO akotcli of a compeiisiit«l 
repulsion motor. 




Fia. SS' — fiimple diagram of the coMpeiiBated 
rdpulaion motar for a constant primarj 
cmrent. 
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tumA. It is identical wiLh blia diagram of tbe 
rcpdaion motor (fig, 27) with the exception of the 
vector H k; 



We have 



■""=§)■ 



GF. 



Ab anon as the raotor speed iiicreaaes a little beyoad 
synchronous speed the power-factor hecomes unity. 
In fi^. 30 account is also takon of the reaiatanco 




Fill, 30. — Di&gram of the r^ompeiiBaLiiJ ic^ulqiuii jnoLor 
for & cDDBtuut pHiriary currvnt, Eu:couct bciDg tJbkeii 
oi the TraistuiCfl uf ths diort-drcnit path. 



of the ahort-drcuit path, and H H' is parallel W B'. 
Otherwise, thia diaj^iram is identical with that of fig. 28. 

For clearnees, the different compononta of the 
impressed voltage at tho mat>or terminals have been 
re-plotted in fig. 40. Vector OF lijta fuur com- 
ponente, vis. OM. MN, NQ and OF, and vector 
H H' ia the reaultant of H J and J H', 

JVI is the component in phaae with the primary 
eiirretiti being proportional to the ei^eed. 
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MK ifl Lhe companentj required to counterbalance 
the ohmic drop of voltage in the short-circuit- 

K"Q ie required to componsate the flelf-induction 
of the Bhort-circoited winding, 

QF coiiHlerhalanuea the self -induction of the 
stator winding. 

FG haa to compensatG the voltage induced in the 
field winding by the field Bux. 

It must be remembered that the field winding is 




Fig. 4C. — Di&gTUin of tlifi compeus&Led re^ulbiou motor rur a 
ccm stall t jiritnajy carrant 

on the fiimature and that the field fiux ia in the 
direction of the ^c-axia, 

G H Bervee for forcing the primary current against 
the total reaiatanco of the primary circuit, the total 
resistance l>eing equal to resistance of stator winding 
-l-reaifltaiica nf armature wiuJiug + oontact resistance 
of the bruahes. 

HJ and J H' have to counts rbalanee the RM.r.'a 
produced by rotation, through the tlehi \t^ H3 Mid. 
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J H' are parallel to and proportkonal to B and B B' 
rospectivolj'. 

Z is again the point of intersectioik between tha 
perpendicnkr to OA tlirouglk O and Lhe line NQ. 
The triangle ZMN retains its shape tor all speeds, 
but it variea in aizo so that O M is a meaeure of the 
spued. TU& locus of N id a^ straight line through 0. 

Angle M O N = angle M Z N = angle B'O B = angle 
H'H J=y. The locus of Q is also a straight line- 
When ihe motor is at reat, the triangle ia in the 
position ON'Q'Z, N'Z being at right angles to ON, 
and both N'N and Q Q' are proponional to the speed. 

Fig. 40 may be simplified hy altering the order of 
tlie vectors. Tliis haa heen dare in fig. 41, the 
volt^es indepeadent of rotation being taken first, 

OiJ flnd BC (% 41) correspond to QFG and 
GH in fig. 40. 

At standstill, therefore, the triangle Z C N'Q' (fig. 
41 ) corresponds to the triangle Z M N Q in fig. 4C, 

The line Q'Q forms with the lino A the angle y, 
and Q'Q is proportional to the speed. The triangle 
EFQ correaponda to the triangle H'JH (fig 40). 
QF is perpendicular to OA and proportional to the 
square of the current, therefore also proportional to 
Q Q'*. Angle F Q E =y and E F is paraUel to Q Z. 
Fig. 42 ia a aimplifieation of fig. 41, being obtained 
by omittinLT all imeseential vectors. The locus of 
point E is a parabula a& can be shown as follows : — 
Assuming the abscisBEe to be measured along Q'Q, 
and the ordinatos along a perpendiculai to Q'Q> then. 
EQ is directly an ordinate. Draw FF' parallel lo 
Q'Q, then 

EQ-EF'+FQ. 
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Sinco FQ = FQ cob y, and FQ is pro^iorlionfil to 
Ibe square of the speed, it 1b evident that F'Q too is 
propnrtiouiil to Lbe Hquare of the apeeil. Now, 
triangle FFE is similar to tiiangle Q Q'Z <fig. 41) 
bccauae the aidca of tbc one trianglo arc parallel to 
the aides of the other. 



Therefore 



FF' 






or EF'-Q'Zx 







Fa. 11. — Same ^e tig. ^0, liut with tbo vpcUm in a 
different order^ 



But F F' ia proportional to Q Q'^ and Q'Z is constant ; 
hence EF = conetantx QQ' The general Qiiiiatioii 
gf E IB, therefore, 

y=C^irr+C^x; in which EQ=,v ond QQ'=jr, 

This 13 the equation of a parabola whose origin ia 
dieplacod from Q' in the directions of Loth the j^-aiis 
ami the i^-axia. 

We are now enabled to consLriic^t the Iccuh uf E 
(for ft coDBtant euiTcut tmd variable speed) in the 
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following nimple manner ;— Mark a point G on Q E 
BO that QU^FE, theu Q'G =coiisti*iitx speed, and 
GE^constantxapeed* The two con^baute depend 
on the data of the motor and can be cal^iuiited 

when these arc known. 
The parabola of fig. 42 
lias been tie terminal 
iu tins manner. 

Since all the vectors 
of fig. 42 aro propor- 
tional lo the cutrent, 
the diagram of the 
compenaated repukion 
motor for a couatant 
terminal voUago ia 
readily obtained by 
applying the law of 
Fio. 4a.-DUgraiu of tiie oompflii- inverse figures. Tiie 



rated repiilBion mutor far a con- 
AtaiiL current and voriabU ipffd. 



manner in whicli this 
ia done waa shown 

previously in tjoruieciion with the ordinary repulsiou 

motor (fig, 31). 

Eig. 43 ia the diagram obtained in thia way ; but it 

ie preferable to use Eig, 42, ob the (tarabcla ia loGt by 

the application of the method of inverse figures. 



Sparkdcg Voltage of the Compensatkd 

It JB notable that the commutation of the coils 

short-circuited hy the hruAhoA in the jvaxis (which 

brushes convey the primary current to the armature) 

depends oalf on the leafitaTi^a \^ilt\i^, no other 
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E.M.F. appearinj^ in theeo coUe.' The voltagea 
induced in the coiU under the hriBhes in ihe jv-aKia 
are the aaine as in tlte case of the ordinary repulalon 
moL^rn so that lig^ 32 applies, us it stands, to the 
compenaated repubion motor jiIbo. As booh, there- 
foro, 38 the autrent and speed have Ijeen determined 
from fiRS. 42 or 43, the aparldng voltage aiider the 
shoi't-aireuited hnisliei* fan he computed in the 



5 Yff€^fiOfifOt/J SfiffS 




Pia. 43h— DiHgTAtd at thr aoiiiiicii^ted n>|^QliiiAa motor for u 
orinntant teimiOHl VoJt&gp, 



manner explained in connection with the repnlaion 
iDOtoi'. The same formulae also apply for deter- 
mining^ the different componenle. The reaction of 
the Khort-i'irciiitdd armature 4-oilB on the field has 
the same effect aa m a repttlsio!! motor, i.€. the 
voltage vector la shifted forwards for speeda higher 
than E^'nchronoiia speed, and ie shifted backwardB 

' It ia arsn fiJiBaibla to caiii|VEiB&tfl thn rEAcUncfl voItAf^a by 
BaiUbIc mmiiB, ho that tUa cDiuniuEatioii uudo* the bnialiwi in thff 
i-djiia uiftj- bo fomJtrreJ jwr/bct. 
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towarda the current vector when the motor speed 
dropalielow Bynchronous speeil. In the latter case 
the power-fttctiir always increaseSj while in the fnnner 
case the powet-factor may grow better or WLFrae 
occoi'diof; to the conditions. Take na an example 
tlie case in which the voltage vector is fouitd by 
diayrant to lag 20 ileyrees behind the current veclor. 
If, now, the reaction qI the cominiitating coila iipou 
the field be taken into account, the result will bo a 
shifting forwards of the voltage vector towards the 
current vector hy a certain amoont, but the former 
need not necessarily overtake the latter. Tn such a 
case, therefore, bbe power-factor may he increaeed hy 
the reaotion in epile oi the foi^ard niovoment of 
the vollajre vector. 



PART 11.— THE DESIGN OF 
COMMUTATOR MOTORS. 

CHAPTJilK Xr, 



CONTlNUOUB-CLJBfiENT MOTORS, 

CoNTiNUOUS-cuRKKNT iiiotoi's need oi^\y be briefly 
referred to liera aa their theory and deaigu havB 
boon excellently dealt with iu a. nuiuboT of racQnt 
publications.^ 

Ttp ia a characteristic advantage of dc. motors 
that they may be bucceaafulJy Jesigued for higher 
fiuK denaitiea than any other type of Gommutat^Dr 
motor, for tbia treason they can he built SQialler 
and cheaper than sing]e*phaae commutator motors 
of the Kama output and epocd, und their sparking 
Yoltage too 13 BQialler. There is an ecoiioraic limit, 
of course^ to the flux denaity that may bo employed, 
aSr aftor a certain point has been reached, the 

I EiMflria QcfttrratoTs, by Mea&:^ Paraliill it Hobart. Eied}-ir. 
MiiUtn, byU M. Hohirtjroiidcin : WliitWker &C-o.), 12b. 6d. T/ii 
Jhjnijmc, bj U C, H*wbn5 k F. Walha (WKitUlcer & Co.), 
SnJ edition, Ifii Dj/namo- Elecfrie M^eMincnj, by S, I'- ThcminD 
(E. k F, N, Spoil), 7th cdiLiDH, SOa. Dii: ^/ac^rvnma»Ai'n^i bj 

as 
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requisite field copper increaaee out of all proportion, 
to the gain in dux density, Tho density at the 
face of t!ie pole-shoe varies from 5,000 lines per 
eq. CQi. in amiill motDra to 9,005 iinea per eq, mn. 
in liirger motoiB^ and m ti&ction motora doiiEities 
up to 12,000 Iinea per aq. onn ore occasionally 
adopted. 

The advanlagea to be gained l>y increasing the 
flux density in d.c. motors are illuBti'ated by the 
following example : — Consider a LO'H.P. motor 
(lap- wound) having a sparking voltage of three volta 
Assume that it is posBible to increase the flux 
density by 10 per cent, hy reducing the air-gap or 
altering the diiuBusinns of the teeth, but without 
changing the motor otherwiee. The speed and 
sparking voltage of this modified motor aie 10 per 
cent lesa than before. If the output of the machine 
was previously limited hy eonaideratzous oF sparlciug, 
it ia seen that tlie motor may now he loaded to the 
extent oi 11 II.P, . the commutation being as good 
13 in the 10-H.l*. motor running at a 10 por cent 
higher speed. The gain ig thus 20 per cent Of 
course, the copper and iron losses liave also increased, 
the former by 20 per cent, and the latter by about 
6 per cent ; hut in open and Bcmi-encloscd motors 
for voltages between 300 and 600 volte it ia alwnya 
the commutation and not the temperature rise 
ivhich limits the output. This point is of aome 
importance, as various authors have recently averted 
the contrary. 

It IB to be regretted thut tho posaibilil;j of in- 
creasing the motor output by providing a proper 
ventilation to keep dowii the temperatniii is not 
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yet aufftciently appraciated-^ It ia not too much to 
say that the output of most of the open and semi- 
encloaBil iiiolflfB on thp inarket coTiltl he (ifjuhlt^d Uy 
providing tbem with efficient veiiLilnting ducts (both 
vertical and horizoctal) in tho Brmatuce and by 
suitab]y designing the commutator and the field 
coiJa.' TliiH remark refere^of couree, to motors whose 
oufcpnla ara limited hy the rise in teinperatnra but 
not by conaideiatioEB of sparkiDg. 

In fully -onclofiod motors and in certam low- 
voltage machineSi on the other hand, the output 
certainly is limited by consulerationfl of teniperntnre. 
In siach cases the queatioa of high flux denaitiea 
Joeea in importance; indeed, the denatties adopted 
in fuIly-endoBed motora aro often from 5 to 10 per 
cent. less Ihau those employed in semi-encloaed 
motors of the eama output. 

In fisiDg the air-gap density, dynamo designers 
are often guided by the old rule according to which 
the field A.T. ought not to be leas than from 3 to 
5 times the arraatnie A.T. per polo. The apiniocH 
regarding thia ratio of field A.T. tc armature A.T* 
have materially changed of late, especially since 
tho appearance ol Parshall & Hobait'e Ekctric 
Qefneratm-^. Tndeedj it ia possible to design good 
and cheap machines in which tho armature-A.T, 
per polo are equul to or even higher than tho 
Md-A.T. 

lii^e low-speed motors and also low-apeed com- 



' Mr n. M. Hobart eapecialiy Iiils limwn fltttiiliLiii to tliifl point. 

* TliH dt'sign luloptcd by tlie PImiiIs Dyumiiu MflmifiH: taring Cu, 
(Mfl Tht S/fTtrin^a. Oct, 50, 190.% ^i. ai) is n good eimnplc of 
(tB^iflotl^ 7eiitiEiit?<i field coil^. 
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turnfl. lb is idenLtod wiUi the dmgram of the 
repulsion motor (fig. 27) with the ejtcaption of the 
vector H H', 



We have 



tth'=(|^'gf. 



As soon 0,9 the motor speed iiicreasea it little beyoml 
flfBchroiiQua speed the power-factor becoraea unity. 
In fig. 39 account is alao taken of the reaiBtancu 




Ftu, 30, — Dio^rLni of the cooip^niSLteJ repulmoD niDLor 
fgr a cuuAtiLUt priifidry cutraqt, accuuat bcin^ UktiJi 
of ibfl roBUtimoe uf tbe BhDrt^iraait ]»th. 



of the ahorfc-circuit path, and H H' ia parallel to B'. 
Otherwise, this diagram is identical with that of fig, 28. 

yor clearnass, tho different components of the 
impresBed voltage at the motor terminals have been 
re-plotted in fi^. 40, Vector F has four com- 
punenis, vik. OM, MN, NQ and OF, and vector 
H E' ia the reeultant of H J and J H'. 

UM IB the component in phase with tho primary 
currentj being proportional to the speed. 



THE COMPENSATED REPULSION MOTOR, 79 

MN ia the cuuiponerit required bn counterbalance 
the ohmic drop of roltage in the ahort-circuit. 

NQ La required to coiapeiisato the bo If-ind action 
oi the shorl-circuited winding, 

QF counterLalanoea the BelMnditetion of the 
etfltot wmding. 

F G hns to compenBate the voltago induced iu the 
field windiug hj tho field flux. 

It muBt he remembered that tlie field wiuding is 




Tjo. 40.^DiB.£rajimr iho Gompeasated lepuli^Luu mutur Tot 
ctmfiUut jn-imatj cDTrcnt 



on the Hrtnature aud that the field Eux is in the 
direction of the x-a>;ia, 

G H aerves for forcir^ the priuiary current against 
the total reaifitance of the primary circuitj the total 
resialance being equal to resistance of atator winding 
+ i"aBi8tBnce of ariuature wioiliug+coiiLiictteaistauce 
of the bTuahes. 

HJ and J H' have to counl^rbalance the E-M,F/s 
produced hy roLatrion through the field If^. H J auil 
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gained bj adopting a wave winding where a lap 
winding Willi one tarn per eeginent may lie used 
instead. In Biich cases^ wave windings are to be 
avoided as much as po»sih1e. 

It is n-elJ known that an aajminebric distribution 
of the field flax aroapd the armature does not load 
to an nnequal distributioD of curreut in a wave- 
wonnd armature ae would happen were the armature 
lap-wound. This feature was considered Ui [^oiiBtiLute 
a great advantage cf wave windinga, and lap windings 
were badly neglected for a time. But it had been 
forgotten that inequalities in the contact resistance 
of the brushes or asymmetrical bruali positions could 
also refiult in unequal currente Bowing through 
the diSerent circuits of the armature. True, the 
latter induenees also operate in a lap windiog, but 
then we have the following two simple and cheap 
remedies: — 

(1) A lai^e cumber of armature A.T. per pole. 

(2) Equalising conneetioua. 

The tirat and second means are of no avail for 
wave-wouud anuatures; the second means majr be 
employed For r coniimsite armature winding, hut is 
not ae simple and positive ae in lap windinga, 

Iq amall motors a large number of armature A.T. 
ia not always possible^ and the small air^ap of such 
motors foatera an asjTuiuetrical distribution of the 
field I1lu( arouud Lite armature, and the brush resist- 
ance foriDS a smaller part of the armature resistaDCG 
than in large machines. For all these roaeonG it 
is advantageous to employ the wave winding in 
Bmall motors, wldle the lap winding is best in all 
res|«(;ls Un larger motor a. 
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The foliowiDg reiuediea hove been tried witti sonift 
Qucceea for improviDg the commutation of bigh-epecd 
generatore:— (1) Decreasing the inductance of the 
Bhoit-circnited coila by using a smtwth armaliire; 
(2) Di^ri-winding or anxUiarj' poles. 

TSy using tJie firat meatia the reactance voltage 
may bo reduced to one-half, or, in soma cases, to 
one-third. It U essential to keep the armature A.T. 
low, and the peiipheral width of the pole-jihoe niuatr 
be small compared with the pole-pitch, otherwise 
the Tolt^e induced in the short-circuited coila by 
the end connoctions will form a lar^e part dF the 
Bparkkg voltage. When employing thia meaua it, 
is alao well tti adopt a Iniig armature (rather than a 
abort armature with a large diameter), &a the iaduct- 
ancc of the ciid-connecliora ia now of much more 
importance tlian in normal dynamos. 

But ihe Hecond ntean» of reducing Aparkin^ {& much 
more effective^ and i& actompliabed by the Cdri- 
winding and by auxiliary poles in much the aamo 
way. la hotb caBeflT ii^ ^a-ct., the armature flux is 
over-compensated J and a voltage ia induced in the 
fthort-rircuiled eoils which promoter good coinuiu- 
tatiou- While auiiliary polea, however, only help to 
aupprcSB oparking, the D^ri-winding also nciitralieea 
the effect of tlie eroas-A-T. of the armature,' Since 
the ' eommutating-fiui ' (ic. the ' e:s:tonial ' diuc 
which assists comraiitatiuu) ought, as far ae poasihle, 
bo increaBQ proportionally vrith the motor current, 
the Batui-ation of the kjeth and all other iron parts in 
the path of this flui must he kept low, Jin cases 

' Tliii ncutrnUpiBticn eiistB ao longgr wL^a the r?iu?t&ii?c voltage 
ia high. (BccSeidenflr, ^eiixhiififiir EiekirttiKia\-ik^'^n,'^^\.1J^>\ 
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here it is impoBsible to comply witli this condition, 
the number of tlie A.T. of the compensating winding 
ifi BomelinieB rogulatsd, when tho load ehanges, bj 
automatic means or by hand, 

It can be proved^ tbaL the raactance voltage is 
approximately proportional to 

average voltage per aeg. x armat. A.T. per cm. periphery. 
_ mean air-gap denaity 

" In order to enaure that tha teeth are not eaturated 
by the 'commutaling-fiux/ oare muat be taken that 
the reactance voltage ia considerably Binaller than 
the avavage voltiige [ler segment. At a given re- 
actance voltage, this average voltage per ailment 
depends obvioixely on the ratio 



I 



armature A.T, per cm. periphery 
mean Hux dersity in the air-gap * 



When employing the Dt^ri-windiug or auxiliary 
pules, care must, therefore, be taken tliat the fiux 
density in the gap under the main pelea is large and 
that tho ' armature-strength ' ia comparatively small. 
In practice, however^ the air-gup density is frequently 
kept low in order to rednce the iron Liaaea, and a 
large number of armature A.T. ia chosen so as to 
get a Bmall armature. Thus just the reverse is 
done of what is demanded by the above rule, and 
HG it cornea about that a high saturation in the 
l>ath of the ' cornmutatiiig-lhix ■ cannot always be 
prevented. 

Motors vntU compensatjng devices are more ex- 

^ This mlkiian la due tc UcLwd- (Sbb Tecknia, l&QZ^ [>> 4iCt.) 
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peusivB than ordinary motoraj and it miist he detided 
from CQSO to caae whether the application of codi- 
pensating dovicoa ia juatifiod or not 

TLe calculation of the neceEfliir7 ampere -turn a 
of tflia uomperflating winciing is very simple ;— 

Before any tlux can be prodiit^ed in aid of Uie 
comrautation, the armature'a own fliix must he 
noutmlieed, i.c. the compoiiBatiog winding inuatj firat 




Fia. 44-^DiQtribiitiQii nf Kuk a.ruuiid tbt armaturi? of s ilo. 
motor fitted witli Hiisiliarj polen. niiire 1 corTi?*pondB 
to uo-loul aud Curvb 1 Ui ruil-luod. 



all, have as louny A.T. aa the annataro per pole. 

len the tompeusatin^ winding ranet have an addi- 
tional number of A.T, suflicient to produce a flux 
tLrougli the armature wliich will induce in the short' 
circuited coils an E-M.K equal aud oppoaite to tho 
TGQctauce voltage. Thoao additional A.T. may thus 
eaeily be computed from the reaetanco voltage to be 
compeui4[it4id and from the diniOEisions of the motor 
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t^ mnnlffr td vntutojrf AT, per pole lie Targe, il 
fcAppcn tiku Uie ftoziliarY poles must be provided 
vitb more AJT. tfam the main polcs^ and the con- 
w q pgace is & conaidenble increase in d^e active 
ttBteriak and u Uw fielit losses. Not onlv that, but 
the iron losses in the teeth have abo grown, owing 
tc the Altered distributi^ti (see fig. 44) of tlic 
BMgnetk S(u Around the armattire. On the other 
hsnd, rompensatin^ nindings conduce to a reduction 
ci the comniutHtor loesea, as the cotumutatian 1ms 
berotne welt-nigh perfect. 

The IX-ri- win ding haa this advantage over the 
Auxiliary poles that the Qumber of A,T. on the mala 
field *xals can be kept Ciimparativelr small aince^ as 
hasalreadj been palmed out, the armatnre-cross turns 
ue completely compensated. 

The question of Epuldng plays a very prominont 
part in ramble - speed motors employing shunt 
r^nlatiou for varying the speed. Such motora liave 
to be designed sn that their sparking Tolt^e at 
maximum speed does not exceed a certain value, 
and that at the lowest speed the temperatuTe riae 
keepB within the specified limit. 




CHAPTER XIL 

THE arSGLB-PHASK SERIES MOTOR 



In Bingle-pbase series motors the chief eonaidera- 
tiona are power-factor, commutation, and tempera- 
ture riae. In order to obtain a high power-factor, 
the voltage induced in the field winding ought to be 
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small compared witb the voltaga acroaa the iiimutute. 
■ TLia 13 achieved (1) by employing a email iiumbor of 
field turns compared with the armature turns in 

I series hetween the bii^ehes ; and (2) by ailopting 
B high fteqiieDojr of rotation compared with the 
froqtiQncy uf supply. Il thus follows thut a com- 
paratively low supply frequency ought to be choaen 
when the output and speed of the motor are fixed, 
Brd that — wlien the supply fceqiiRncy is given — the 
motor speed ought to be high in comparison. To 

I reduce tlio fisld turue ae far u& poRsibte, the air-ga]> 
and the aaturatiou of the refipective iron palha maat 
be kppt down. Tf, for instance, the turna of the field 
winding of H [^E^rtdin motor are tt-timaB amjiller tLau 
those of the armature winding in series between the 
brushoB, and if the fi^equency of rot-atioa ia fr-timea 
that of the supply carrentj then the power-factor is, 
approximately. 

coa0 = 



v/i-(i)' 



IThia equation is obtained by reference to Bg. Ift^ 
■the olimic drop O E^ being neglected. 

Forii=l ai(dt=l co80 = O'7O7 
„ =1'6 „ =r6 „ =0915 
. -2 „ =2 ,, =0970 

The equation for coa0 just quoted takea account 
neither of the self-Juiluction of the armaturs nor of 
the field leakage. The latter ia iusiguificaiit, how- 
ever, on ttccoimt of the email M-M-l', involved, 
Wliile the leakage -coefBcient of eontinuous-curreiit 
machines ranges from I'lO to 1-30, it vaneM for 
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normal aingle-phase series motors from 1'03 to 1*08. 
It implios that from 3 to 8 per cent, moro lioea of 
force are linkeU with the field wmding than with the 
nrmature wimUni^. Us elfect npoTi the power-factor 
iron Ikt takeu accoimb of bj EubstitutiDg in the abore 
ei]iiaLioii «^' for «,/ denoting the leakage -cocftlcient. 
Of jp^aler importance is the self-induction o( the 
armature^ &U the mora so as the number 
of armatijre A.T. ia kept large for other 
reasons. The dispernioiL of the arma- 
ture may be approximately arrived at 
as follows: — We nssuttje that — iii the 
case repmaenied hj fig. 17 — the liom- 
pensating winding has no ledsbance, 
and obtain on this basis the diagram 
fig. 45, in which the points O, C, 1), E^ 
A', A, B', and B lie on a straight line. 
O and C coincide in this diagram. 

E represents the A-T. which con- 
duce to the dispcreion^ assuming the 
tvluQUnce of the dispersion path to be 
the same as the reluctance of the path 
of iht* maid ttrmaUire flnjt. Ijet the 
TOtio ORG A be denoted by ^i_\ a-, 
contspond^ !o the disporsion-coefiicient 
W^ WvJt km^uM) in con&eocitm vriih the theory of three- 
^tMhW^ n\iH«h«r?L 1'tkii v«ieJliCKnt trt^^^^i be calculated 
(VMU Uw hmuuU 
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the onmpensating device. This formulji is borrowed 
from a. paper ou the " Dispersiou-(!tieifinieiit of Thrae- 
phaac Motors," read by Henri Belin-Eschenburg 
before the Inetitution of Electrical Engineora.' It ia 
quoted here in a slightly modified form to conform 
to aingle-phasB working. Belin-Eadieiibiirg'H origitial 
formula for this coofficienb contains a third term, 
which takes account of the diaporsion due to the 
slots; but this third term, being of amall importance, 
haa been left out ia our ease. According Co 
Dr Ealm-Eaehenbnrg, C^ — 3 acd C^ = 6. It has been 
pointed out by otiiera (Hobarfc, GuilbertJ, however, 
that the valuo assigned to Cj ia decidedly too amall, 
and we will assume the correct values to be C^ = 4"6 
andC, = 6.^ 

H = (aYerage number of armature alota per pole 
plus average number of slole of the short-oircuitod 
eompeneating winding per pole) 2. 

S ig the air-gap in em., and 

I ia the axial length of the armature core in cm. 

In the cjiae where the air-gap ia the aame all 
around the armature, the RM.F. induced in the 
armatm^a winding by 0E = [t*xOA can be taken 
into account by assuming that the field turns are 
increased by a number of turna equal to 

irtX(armature-tumB in Beries between the brnshee)* 

or^ what amouutB to the same thing, we can substitute 

^ Sh Tft£ Elairidan, vo\. lii. pp. fi36, Qt?, 141, 821, and 

' Iq BehD-Eachenburg^a jkaper thu difference bftwecn tr fur tbTCB- 
pbufl and siitglc'ijljase iRotoraie not de&ltwith, but a refl^tiDii vill 
make it oluar tEiit tr ia larger Tor a amgle-phoae wiiidiiig than fur n 
l:hree-|ib£se vinding. 
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for fl ihe expTOttion ^^ Thus the corrected 

inla for the power-lactor is 

This formnlA Ukee account of tho leakages of the 
field Sux And ftrmature Siix but not of tlie motor 
lofise& By lakiiig tho l&itet also into conaideraticn, 
the power-factor will come out from about ^ to IJ^ 
per cent higher than caieulflted from the above 
formula. Thia small increase may lie left to the 
t^eUmatioa of dynamo designers. 

TunuDg to the queetioD of Mm miUnt ion, it has bccQ 
ahowu that — contrary to what happens in d.c motorsa 
— s[>arktng is not worst at full loaJ huL at sUrting 
at full voltage ; fox the stortiifg current is considerably 
larger than full- load current, and the alternatJug field 
induces in a ehort-circuited coil an £,M.F(invo!ts)of 

E,=4'44y freqof supply X turns per Reg, xtlijx from one pole x lO"" 

Only amall tiiotura arc started with the full voltage 
applied at the terminals. For medium-sued and for 
large motors the supply voltage ie aloppcd-down Qt ^ 
atartiug. To anive at a just conclusion, the question , 

of sparking at starting ought to be considered in 
conjunctiuEi with the starting torque the motor ia 
required to develop, 1£, for example, the motor ia 
epecitied to exert at Btartiug 4 times the full-load 

1 Thii formula reUtoa, eoictlj epuking, to motors only h&vmg 
« diatnl>ut»d atator winding and a conatAiil ajr-g&p &11 a^und (ho 
lormsiturfl ; it will be bIiotq kUt cu Id an eiampEe, hgwevnr^ ttut it 
ftlm Appliu to moton witb well-dfitincd poLw. 
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torque, the voltage at fitartiog will have to be reduced 
to such an extent thiit tha starting ccin^anl is about 
2^ times the fiilMoail current;. The tongue wonhl 
increaae wibh the aquare of the ciirretit if the iron 
remained conHtactly unaatura led ; but eince this ia not 
the oase, more than double the full-load current has 
to flow through the motor to give the requisite starting 
torque. Generally apaalfing, Lhe current will have 
to be increased fram 2-2 t^) 2"^ times the uorrial 
current, and the field fJux will have increaaed to from 
1'6 to 1'8 timea what it ia at full-load. The ti'aua- 
former volta^ induced in Lhe short-cii'cuitad coil 

J Increnaes in proportion willi this field lion, 

^^m At starting, lhe sparking'- vol Lage is 

^^4'4 X freq. of supply x tume per sag, x 6eld flujt at start, x 

If the permiaaible limit of the sparking voltage, 
E^ has been fixeil, and if the frequency of supply Ia 
giveu, we get? at ones from this equatiun the limh- 
iog value of the product (field 11 ux at starting x turns 
per segment). Since Iho Held flux at starting is fixed 
for a given starting torque, it is seen that the product 
(turns per segment x field flux at normal load) h rdsa 
a filed quantity, Af. 




E^lOe 



44 a X frequency 

in which z= turns per segment, 

M = 1ield dnx at normal load, and 
a = nit!o of field flux at etartlug to field 
flux at normal load, 

Taking as an example o — 2 and E,=8,it follows 
that at a frequency of supply of 13'5, 25, and 50 '^^ 
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per second, th9 product sM muet not exceed the 
values 8yl0^ 4xlf)^, and 2x10^ respectively. 
The lower the product zM can be kept below these 
figures the better is the commutation at starting. 
For fi irequancy of 50 «^ per aecond jM must be 
kept very low to ensure EatiaFactory commutation at 
starting, and such low figures are only made poasihle 

(1) By adtipting a large number cif [lolea, ur 

(2) By chooflin^ a small numbsr of turns per 

eegment. 
The latter means is only profitable if tlie armriture 
voltage ia low, and it thus follows that the higher 
the supply frequency tbe lower ought to bo the 
armature voltage employed. 

The effect produced by varying the number of 
poles will be elucidated by an eKumpla: — Assume 
that a 50-H,P. motor jb to be designed bo run at a 
normal apaed of 750 revolutioaa per minute, tbe 
frequency of supply being 25 ^^ per second. A d.Gn 
motor of the same output and speed would un- 
doubtedly be designed with 4 polea. If our siugle- 
phaHP moEflr had alfic four pole a, we would get 



But it will be better, with I'egard both 



to the commutation and to the power-factor, to 
design our motor with 5 or 8 poles, corresponding 
to a i = l-6 or 2. It ia not advieable, however, to 
have too many polea, since the advantages gained 
thereby do not keep step with the increasp in manu- 
facturing costs. With an increasing number of poles 
the pole-are — and, couBeqtiently, PT also — have to be 

4-5 . U 



reduced, and this means that 



0-1 = 



W- 



+T 



lucreaees. 
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I the diameter of the Lrmuture la kept constant 

e the niimbcr of polea ia niigmEsnled, the ex- 

4" a 
preseion =- inereaaes with the square of the number 
H' 

of poles. If, oji the othar hand, the pole-arc is 

kept constant, i-c. if the armature is increased in 

diamotor and reduced in length, then the exprosaion 

hj increasing the numher of poles 



6J . 

-r incceasea. 



armature turns 



II = — 1-^: -^— changea also, uhIgbb the armature 

held turns 

diamoter be inoresBod in the same ratio ae tbo 
cumber of poles. This, hcwever, would lead to large 
diameters and very short lengths. With a given 
air-gap, tJie field turns incTEasts alnioet proportion- 
ally with the number of poles, &ince it ia not of 
advantage lo reduce the gap- density. But the 
armature-A.T. certainly do not grow in the same 
ratio; they remain nearly proportional to the 
diameter, and, as already e:>:plfiii].Qd, it would not he 
economioal to increaac the diameter in tphe »ame 
ratio as the number of poles. The increased number 
of current-circuits in the armature (in the case of 
a lap-woiuid arui^Lture J^) ia also a drawback and 
neeeaeitateB a lower armature voltage in order to 
keep the immbor of turna per aogmcnt the same aa 
when lewer polee are employed If the armature 
volt^e IB fixed by other considerationa, however 
and if it ia necesfflary for tliia reaaon to employ a 
larger number of turns per segment when increasing 

I A wava windipg would lie ef[uivfllaBt, afl regftrda ooramutition, 
t<j A lap ^Finding lio^iug a oornspopdingly laigcr rmmber oF tunii 
per B^ifiaeiit* 
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the Qumlffir of poles, then it ia obvioiia that nothing 
can Ljti gained in the waj of commutatiioii by adopt- 
ing the larger niuiiber of polea^ IL is thus seen that 
— quite apatt from queationa of cost — it is by no 
means always of advantage to inereasa the number 
of poles. 

In our SO-H.^H motor, for inatance, ten poles 
would imdoubtj^dly be too many, and it remalna to 
be decided by a careful comparative ealciilation 
whether C or fi polea would give the iiettar results. 

Iq tha cftfio of a siugle-pliaae series motor a 
reduction in the supply frequency ia cJwayH of 
advantage, and this coustituttie one of thi? chief 
charaeteriatic features of this type of motor and one 
whieh distiDguishett it. as we shall see lalrei", from 
the two otiiei repre&entativeB of aingle-phaJse mobora. 
If & single-phase eeriea motor, which has been 
designed for 25 ^^-^ per second^ ia run from a supply of 
12'6«*jper second, the commuUtiou at starting is 
injproved in Uie ratio of 1 to 2, and the power-fflcli>r 
has become higher because h in the equation for 
the power-factor is invoreoly proportiounl to the 
frequency. If, for example, ccs0 = O'8 at 25'^per 
aecuud,it will become 0"935 at 125 ft^ ^ler second and 
0'9S4 at C'25Ak'per second. At a BulUcieiitly low 
frequeticy, the ditierenco Ijetweeu a d,c. motor and 
a singLe-phaae series motor is very small. 

When the supply frequency la very low, the eom- 
mnt^ition at starting becomes of less importance 
thau tlint at full load. According to previous ei- 
planatiuns, the sparkiug voltage at full load la the 
goiimetrical flum of three vectors — viz. the reactaneo 
voltage OK (fig. 21}, the transformer voltage OW, 
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and the rotation voltage OA. A, of course, is b 
phase witb tbo vector OE in fig. 17. At a given 
current and speed R ia totally independent of Uie 
frequency, W ia proportional lo the frequency, 
while O A filowly iucreaeeB aa the frequency 
dimiuislies. OC (fig. 17) induces an E.M.F. which 
counterbolauceB the ohmic drop in the short-circuited 
compensating coil, and C is evidently proportional 
to the reaiatanee of this coil and inversely propor- 
tiooal to the frequency. If OC is lat^o compared 
with CD and D R, then OA is approxiraaLely in- 
Toraflly proporttonitl to the fiequency. If, on the 
other hand, C ia sraall compared with D ond 
DE [ie. if the ohmic resLStanee ia amall in com- 
pariaon with the reactance of the short-circuited 
conLpensating coil), then OA (fig^ 21) ia nearly 
independent of the frequency. 

If the motor ia d9B]p;nQd for a low frequency, it is 
thus important to provide a Bhort-circuited com- 
peijsating coil with a low resiBtance, otherwise tbe 
compeneation will be unsatisfactory. In facL^ there 
ie no doubt that for very low ircquericics a short- 
circuitod componaating coil is to bo entirely avoided. 
In such caees the tlesigu of a single-phase series 
riiotoi" becomes quite similar to that of a d.c. series 
motor. When the frequency is so low that a com- 
pensating winding is not necosaary, the air-gap 
denelty is chosen higher than for high frequencies ; 
at the same time the armalure-A.T- and the number 
of poiea are reduced, butp each pale heccines bigger 
of course and ia provided with more field-A^T. 
The length of air-gap loses in importance, and it 
may be said that such a siD^le-pbase series motor 
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ts a» good oa a d-c Bsries motor. In many cases it 
would ftveu be preferred bec&uae of tbe poasiliiliL^ of 
traQaforming tho voltages up find down, thercLv 
makiDg it possible to iibo high-tQusiou curre^tB for 
transmiaaion purposes in coDJauction with a low 
voltage iicrofis Lbe armabai'e. 

It will be sbowu later on tbat these relations a.'A 
to frequency do not hold good in the repulsion motoi- 
and Winter-Eiehberg compensated ropulaion motor. 
For this reanoo the siagle-plmse aeries motor h 
ii\v,'iiy& best when the supply freriiiency in low. True, 
A low FreqiieDcy juean^ coatly br;£U»formerti and h 
unsuitable for electric lighting, but bhoao diaadvan- 
tagas are certainly more than outweighed by the 
saving in tbe motorg. Transformers, with tlie 
exception of t^he trranaformer on E«he ear (in Lhe cbhh 
where motors are used for ttiiction pntpoaes}. can be 

ipensed with, and other advanti^s are secured 
supplying the lighting oircuits independently, 

TliG all^inators in the power-atalioD would be 
rtiiimd for high voltages (say, fniro 10,000 to 15,OC0 
volto) uud <Urectly coupled to low-speed engiiiea, 

Tliu i^iaon wh>' aucb a high frequency a^ '2bnv per 
fud i& proposed iii connection with single-phase 
tr«3ti4>n i^ lo be sought not eo much in the fact thai 
thv tnuLSforoiers for such a frequency are i^lieaj;^!' 
hbtiu ihcksc do»ug;i]Dtl for fe>ver cycles per aecoBd, or thai 
t^xk*uuf; pAltorJia of altoriiatoie are uusmtablo for a 
l«w Inqu^oey. tut ratlier in the fact that a frequency 
^ S^^^MV Mwikd suit^ ropuHoa tuotci's be»t and 
lh«( •rfN'^wiW i'f t>llwr types of Biti^le-phase molars 
fwri Umml fox couuMroiftl readone* to couipete on tbo 
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Ab comparatively high frequencies the sparking 
voltage is all-important An incroasoJ sparking 
volt^e may be permitted if resistance Is inserted 
between the iirmature winding and the i.»ommulaLor 
aegmenls, aa fully explained in a previouB chapter. 
Such a means entails incrcoaed Icjsaes, and ls not ae 
effecLtve as the brueh reeifitance. 

In order to keep tbe sparking voltage per hrush 
wil-liin reasonahle iiniits^ the brush is made to ctiver 
only a few (about two) Begmeots. The normal 
leactanee voltage (OK) could be compenaoted by 
replacing the ahort-circiiited compensating muj- 
ing bj^ a coireapo Tiding winding in series with tlia 
aimature^ and haviug more A-T. than the latter. 
Although fiuch B. compen:5ating winding leada tro 
(□creased cost and a reduced power- factor, it may bo 
employed with advantage when it is found necessary 
to improve tha commutation at fuJl apeed rather thjiu 
at uLartins. 



CHAITEK XlJl. 



TUE IIBPULSION MOTOR. 



Me Lamhe (see the Jonj^tial of the Ajueriean 
I'ii£tU^Uc of Mcctrieai E^ighuers, vol xxt pp. 61 to 
126) was llie drat to point out that-the reinilslon 
motor le esaentially a comblnatioa of the aeries motor 
and the transJoimcr. In view oi this, the deai^^n of 
a repulsion motor is more limited in various directions 

^ Sudi V, Tiitvijd' cuuLpeiuHLiug viiudiu^ iji «ui|ilLiyoiI by LIid 
CiRTieral EJepirie Cn. pf Schanpctady, and hiia lilso tiMn adoplei by 
the WaatiughoiiRB Ci>- lud by the aiaqens-Schapkcrt Oi>, 
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than that of u SEirief^ mtjtQr silica due regoid has DOW 
also to be given to the traDaforraer part ol' the motor. 
We may remark &l once that it is advantt^eoufl to 
employ series motors at Epeeds beyond sjnchronoua 
ajieed, wliile tlie beat speed for repulsion motors is 
Bynchroroufl speed. 

It is dosy to doaign a good series motor for ^^^ 

not exceeding 4, In repulsion raotora this ratio 
ougbt to range from aljout O'S to I if, IE waaahown 



previoualy that v-^ = ii^. 



T^lue of 



N' 



Hence to obtain a high 
M mil either have to be excessively 



large ur M^ unnecesBarLly small Both expedients 

N' 
give bad results. A ratio of ^j =2 at full-load is 

undoubtedly bad. TheBe- limiting conditiona are of 
special moment when the frequency of supply ia low, 
siiit.e the poles and ma|^et frame tliea assiiine larue 
proportiuoH, In fju;l, there is quite a wide rauye of 
frequencies and sizes for which a satiafactcry repulsion 
motor cannot bo made- In this respect the repulsion 
motor ia similar to the induction motoi^ while the 
single-phflsa aeries motor r«*sembles its d.e. prototype. 
The comniutatiuii at starting is expressed by the 
follow iug equation ; 



n^m:io-^= 



4-4" 



This exprsKiiion is the same as for a series motor, and 
in order that tlie commutation at starting may be 
satiBfoetory the product N^M must not exceed a 
certain value. The Utter depends ou the kiud o! 
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carboa used, etc.. and can be detBrrnined ex|)eriiiient- 
ally without difficulty. 

Taking the obovo equation as a bosiajitifi of itiloroet 
to investigate how the couatanta of the motor vary 
with the freqimmiy. Let uh asHiime thiit tlie maxi^ 
mum eparkiog voltage periuLseible ia 8 volts. Thia 
is a value which may poaaibly be allowed when vory 
narrow bruahos are employed and whon reaistaocea 
are inBert^ between the armature winding and the 
coramntator Begmenta. Of ctmrBC, a nuich amall^r 
tigui'e woidd be deeirable. Let ub also aasume that 
the numbar of turna por segment is reduced to one 
by adopting a suitable short-circuit current across 
the armature, and tbatthe fiuKftt starting is IJ times 
that at full'loail. 



NM = 



= 131x10'*. 



4-4 X 1-5 
We Rather that the masimum huK per polo is flx©! 
aa soon as tbe fieqnency ia given. Wlien the speed 
IB given, tlie uumhec of polea U fixed and tlm jjiiixi- 
mum total riui through the armature (jjM) ciiti be 
calculated on the bo^is mentioned. It Ls possible to 
compute from these relations the limit of capacity 
fur wbiuh a. BH,lisl'Hctory repulsion motor umi be 
deaigned. There is, iudeed, a definite connection 
botweeu the CGpacity, the reactance voltage at fuU- 
load, and the fiiix^^il. 
It was stated previously that 

' Baact volt — ^^ V^ X a X aimat. cur. X armat. volfc. X (g-\- Q'ljQ 
In our example^ therefore, 
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for a Lhfi expre&sion , -„ - 

formula for the power-factor ia 



Thus the corrected 



cos^ = 



y 



V ub J 



m which (., = g+^.' 



This formula bakes ac<:oLiiit of the lerikages of bhe 
field fliix and armaturo flux but not of the tnotot 
loBsea, hj taking the latter qIbo into consideration, 
the power-factor will eome out from about J to 1^ 
jwi- cent, higher thau [■aleulated from the above 
formula. This small increaae maj be left to the 
efltimation of dynamo desi^era. 

Turninj^' to the question of iommntiftimi^ithfiBh^^n 
shown that — contrary to wh^t happens in dx- motors 
— flparking ia not worst at full load but at HLnrting 
fLt Eiill voltage ; for the starting current is considerably 
larger than fulMoad cur rent, and the alternating field 
induoea in a short-circuited coil an E.M.F(involts)oE 

E,p — 4-44y freq. of supply xttirns per Beg. X flux from one pole xlflj 

Only email mot^jra are atarted with the full voltage 
applied at the tcrminala, l^^or medium-sized and fur 
large motors the supply voltage ia etepped-down at 
starting. To arrive at n just conclusion^ the question 
of sparking at starting ought to tie considered in 
conjunction with the starting torque the mol<»r ia 
required to dfivolop. If, for example, the motor ia 
Epecitied to exert at starting 4 times the full-load 

^ This Tonuula roIiLteH, nbtially speakLn^f, to nioton oDiy hBring 
a dkitributod BUtur winding and a coaatiiit air-gap aH araund tha 
unniiture ; it will be dhowu kur on id an eiAmpLfl, lioweFcr, tlut it 
olao fepplisft to motorA with ^cU-doAnfld polta. 
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torque, the voltage at atarting will haye to be reduced 
to such an extent that the startin*!; current is about 
2j times the full-load current. The torque wo\d(l 
increase witli tlie a(|iiare uf the current if Lho iron 
remained conatantij nnaaturaLeU ; but bhicb tliia is uot 
the case, more than double the full-load current has 
to flow through the motor to give the requisite atjirting 
torque, Generflllj- speaking, ihe current ^^^ll have 
to he increased from 2'2 to 2f5 tiuiee the nurmul 
current, and the held flux will have iiicreaaed to from 
1"6 to 1"8 times what it ie at full-load. The trana- 
former voltage induced in the short -circuited coil 
iEcreases in proportion with this field tlnx. 
At starting, the sparking- voltage la 



]^ = 4-4xlreq. of suppljx tarns per seg.x field flux at atart. xlO^^ 

If the permiaaible liiait of the sparking voltage, 
Eft has been fixed, and if the frequeni-y of supply is 
given, we get at once from thia equation the limit- 
ing value of the product (field iiux at atarting x turns 
peretgrneut), Since the field flux at starting is tixed 
for a given starting torque, it is seen that the product 
(turns per segment x field flui at nnrmal load) is also 
a fiied quantity, t.f. 



4 



E^IQS 



4-i at X frequency 

in which a — tnrna per segment, 

M — field fl-i-ix flt normal load, and 
u = rati;j of field tlux at starting lo field 
flux at normal loai 



Taking as an example a = 2 and E^=8^it follows 
that at a frequency oi supply of 12'5, 25, and 50 '^ 
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The author does not conbend tbat the aeriea moU>r 
is better in this respect, for tbo current in the aborts 
circuited compensating winding also leade the 
piimary current. In many cases the current in 
the compenaatiDg winding even leads the terminal 
voltaga This can more easily be achieved iu a re- 
pulsion motor than in a aeriea motor; but it ia 
never of advanta^, ae already stated. 

With regard to Mr Lamme'a reniarVs, it must he 
noted that thfi same leakage which occurs in repuUion. 
motors also occura in eeriea motore, for the short- 
circuited com pen SB. ting coil ia nothing else hut a 
transformer winding. And it is well known that the 
leakage of a tranaformer whitjli la short-circuited ia 
equal to or even higlier than that of a trarsfonoer at 
full-load, aaaunaing the currents to be the same in 
both coeea. 

While our conclusiona^ so far, were not allogethei- 
favourable Lo the repiilaiou mutor^ tins type of motor 
nevertheleas posaeasea scrae characteiiatic features 
which render it far superior to the aeries motor in 
certain conditionB, One oi the chief advantages ia 
that the field current and the armature current and 
the terminal voltage &ud the armature voltage are 
quite independent of one another. Thna the de- 
signer mar adopt any armatuie voltage he may 
think ht. This freedom of choice is of special 
advanto^ in conneetion with small stationary 
motora (such aa aie used for cranea, liEte, com- 
presHora, and the like) which are fed directly from. 
Bay, a 500-volt supply. In such cases an armature 
voltage of fiom 400 to 500 volts would be objection- 
ahle. By employing a lower voltage for the aimature. 
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however, the turns per segmeiit can be reduced to 
one or two, and thia again ioada to euch a decrea,3e in 
the sparking voltage that repulaiou uictots c&n be 
designed for 50 or BometirnGs even 100 '^ per second 
having a satisfaetriry ciimmutatiun a!Uimigh a low 
effi-ciencj, 

Iho GOidoB motor could not oompoto with the 
repulsion motor in such corditions, and if the size 
of the motor be small, even a routiniiouK-f^urnjnt 
motor mi^ht be inferior to a repulsion mutor. The 
superiority of the repulsion motor ia still more pro- 
nounced when the supply voltago oxcooda 500 volta. 
For large motors this advantage of the repulsion 
type disappears, aiiice it ia then poaaihle to design 
a BBries motor also with only one turn per segment 
Another good feature of the repulsion motor ia the 
absem^e oi the tendency to tiasliing-over at the 
eommutB-tor. It his been stated that such a ten- 
dency does also not exist in aeries motora ; but it 
is difficult to see how tbis can be Bo, and it ia 
probable that this tendency to Haeh-ovor exiats in 
series motors also, alihougb perhaps not in ihQ same 
degree as in d.nv mottirfi The fact that the speed i>f 
a repulsion motor may be varied by simply ehiftiiig 
the brushes conatitutes a further advantage of thia 
type^ espccLiillj when iised as a stationary motor. 

In fig, 26 the repulsion motor waa shown as having 
two diatinct stator windings. Actually, the motor 
ia provided with one etator winding only, forming 
a certain angle « with the lino connecting the 
brushes, and the two windings in the figure merely 
represent the components in the direction of the 
^-asis and the i^-axia reapectivelyp If, for example. 
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the atator winflin^ cniisistB of n tiirnB, then t?. xsin a 
ia the number of tuma producing the fielrl Hmx, 
while i/xcoBa turns produce the tranaformor flux 
iti the direction of the y-axia. Tliua the field dux is 
altered b^ shifting the brushes. For tbe repukion 
motor we ba-ve 

Statorlurnain the direction of the v-axis , 

'i = rt -. — , — ,: — , , - -r =cotana. 

atator turns m the direction of the 3;-axia 

For traction motors, of course, it tu advisable lu 
regulate Lhe speed hj varying the terminul voltage 
by means of a transformer. 

It was shown in a previona chapter that the abort- 
circuit current in the coils undergoing eommutation 
increafit?H the power-factor at low speeds but reduces 
it when the speed iucreaaee beyond sjuchionoua 
speed. This liaa to bo remembered when calculating 
tha power-faetor, for the iormula is only strictly 
correct when the armature rotates iit aynchrououa 
speed. At speeds higher than this the effect on the 
power-factor ia paTtnicularly pronounced, because the 
field flux diminiahefl. aa a rule, while the short- 
cirouit current in the coils nniicr the bruaboB 
increases rapidly. If a motor, therefore, which had 
been designed for syncbronoua Bi>eed were run at 
double tliia speed, its power-factor would ba found 
to hsTe decreased considerably. 

IE, on the other hand, the motor were run below 
synchronous speed, the increase of the power-factor 
would be inaifrniriiiant, because the M.M.F, of the 
field winding ia then generally very large and the 
porccntf^c cbanfie in the magnitude and phoas of 
the field fius Is, conae<inentIy, small. 
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In the series motor the iafiueoce of the coils 
iindorgoins; commutation ia always in the direction 
of improving the power-factor, and this is a featme 
in favour of this type. 



CHAPTER XIV. 
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Tifia motor has many characteristics in common 
with the repulsion motor. Its L»e3t speed is Bjn- 
ehronoua speed, and wlien run mneh beyond this the 
aH,iue ohjeulionablij phunomena appear an in the 
repulaion motor — yIz. a high saturation in the diceu- 
tion of the tranaformer-flxia, a low iluic density in 
the a'-asdaj and a high sparking voltage. 

Since the armature voltage is no longer inde- 
penderit of the stator voltage, it would seem that 
this type of motor is hardly suitable for small 
stationary motors (say, ior an output lose than 
10 or 15 H.P.) as an additional transformer would 
involve an unwiirrarted expeiiBe. The number of 
setB of brushes ia doubled, at least when a lap 
winding ia employed; heoce the distance between 
adjacent seta is halved if the commutator is te 
remain the same as in the corresponding repulsion 
iziutor. But in practice a larger commutator ia a 
neceesityin order to dissipate the increased fricLkm 
losses and C*U losses under the brushes, this incrcuao 
amounting to from 20 to 50 par cent. The exact 
percenUige increase depends largely on the 'field' 

8 
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bruslies (the brushes in thd .f^axia) which, as a rule, 
may be verj' much anialler tlian tha ahort-circuited 
brusltea (the brushes in Lhe j-axla), because iioIj ouly 
is tlie '* field " cmrent amaller tbau tUe short-circuit 
ourrant but alfiu beoauBe the Iobbos under those 
bruahes are comparativsly amalL This is clear 
wheu it is remembered that no E.M.F. is induneil in 
the coila short-circuited by the 'field' brushes, the 
only loss in these coila being due to the roaetonce 
volta^a caused bv the comomtation of the Afield' 
current, Boaidtis, lliia n^actance voltage can. be com- 
pensated liy a simple contrivance which, if provided, 
not only improves the commutation but also reduces 
the losses considerably. 

Against thsse drawbacks, the coxapensated lepul- 
aion metor has n high pnwer-f actor-. If the latter, 
buwever, ia sacrificed to some extent, then laaiiy 
advantages in other directions may be gained A 
small air-gap ia act as essential as in the repulsion 
and series motor, and thia ia a valuable featiu^ for 
traction purposes. The larger air-gap leads to 
other advantages, viz- deeper slots on the stator 
and increased widtli of elot. 

For high irequencies or low speeds the compen- 
sated repT-ilHion motor is far l)elttir than either of the 
IwD other types- In the seri&s motor both the com- 
mutation and the power -factor grow worse with aa 
incroaBing frequency ; in a i-epulsion motor the 
power-faetor diminLshes as the frequency increases, 
its tjunimata,LLon lieiug independent of the frcfjueiicy. 
But ill the compensated repulsion motor not only ia 
the commutatioa independent of the frequency (as 
it is of the repulsion type) but its power-factor is 
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also independent thereof lecaiise oi the corapen- 
Siitiiig winding. 

The cctmpejiBatioD is also the renaoQ why this 
kind of motor ia espeoiaJly Buitallo for low speeds. 
At thesa low speeds the number ol poles re- 
quires I hecoraes large lioth for the cnnipenaaLed 
repulsiim rnocur iiud tbe re].iulsion inoUi\\ JiTid tl^a 
power-factor oF the latter type of motor then 
Lccomee very bad. 

It would certainly be possible to design a aeriea 
motor for the same low speed with fewer p'^les, but 
in Lbia case a low ttriiiature voltage wuiiM liave U^ be 
adopted and the power-factor aud the coiuaiutiitiaa 
woold not be good. In des^;niDg a low-speed com- 
peosated repulsion motor, on the other hand, little 
atterliofi need l>e paid i.o the power-factor (becansfe 
bhia always comea oat fairly satirsractory an account 
of tbc compensation) so that moro earo can be 
beetowod on tboso factors which aiioct the ofliciency 
and the commutation. 

Henise, in comparing tbeae tbree types of motor 
due consideration must not only be ^ven to the 
specified conditions of any particular case but even 
more to those factois which the designer is at liberty 
to setE^le. 

When Uia frequency is as liigh as, say, 60,^,^ per 
aocond, the compensated repulsion motor aluiie do- 
aervea aerioua conaideration. This is undoubtedly true 
for traction motors, but even for stationary purposes 
it is highly probable that the repulsion motor would 
be discarded in faTou.r of the corapensated repulsion 
motor. The aeries motor stands a poor cbance at 
such frequencies 



IIG STNGLE-PHASE CONEMTJTATOR MOTORS, 

For \\3Ty low freqaeuriaa. say, from fl to 15^^ 
per second^ the sorios motor ia hj far tlio lieat. 
Sparking at starting may be almoBt entirely pre- 
vented, even when stalling with a. large torque, 
and in alt but extreme conditions the povrer-f actor 
will be aa high as in the beat modem three-phase 
motor. 

If the frequency is left to the designer's choice, it 
can only be decided after a careful co[Mi deration of 
all 2/ros and ams ot iho particular caae wbflther a 
aeriea motor And a low frequency or a coinpenaated 
repulaion motor and a high frequency is preferable. 
The kind of prime movers (steam turbinea, low-speed 
steam-engines, gaa-engiaes, and so forth) existing or 
tn l}e emplcjyed will also inJiueni^ES blie decisicTu one 
Way or the other. 



UHAPTEli XV. 

THE CALCUL4T10N DF A. SiCBtttS MOTOH, KKl'UlSlCJN 
MOrOfi, AND OOMFENaATBn BEFULSION MOTOK ON 
TEE BASIS OF EQUAL COST. 



Ix the following chapter we propose to calculate 
one motor of each type in order to show hon 
the concluaionH arrived at in the earlier part of 
the book may be employed in practice. All quea- 
tiona concerning commutation will bs fully dealt 
with, and the temperature rines will be checked 
roughly. 
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The Calculation of a Sshies Uotqh (60 e:.P,) 

Let iia aaaume that our 60-H.P. motor is bo Le fed 
from a 25 /^ supply, ami ia to run at full-loud at 500 
revolutions per minute, We adopt the following 
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Tw. 4e. — Fait-gaction llirnugli ilia tiO H, P. nmglB-jihasfi sarit* 
]iicjti>r. 

conatants and dimensions for the motor, and cheek 
hackwarils to eee how the mtitor Iwliavee, Tig. 46 
repteaenta a aection through part of the motor, 

Numhot of paica . , . . 8 

Akmaturb C'oee. 

Kxtenial diameter cf armature, 60 cm. 

Internal „ „ stampinge, 40 „ 

Number of slots, .... 96 

Pole-pitch 23'5 cm. 



^H 1L3 StNOLE'FHASfi COMMUTATOR 


MOTORS. 


^ 


^H Dimensioiis of blie slot, . 


5-5 X 12 


em< 


^^M Minimum width of tooth, 


0-53 


tr 


^^M Length b^tw^^eTi end plates, . 


25 


n 


^^m Number of ventilating ducts^ 


4 




■ Width 


1 


cm. 


^H EFTective length of armattirG, 


18-9 


it 


^^^f AitMATtTRK Copper, 




'§ 


^F Kombor of conductors per slot, 


8 


■ 


^H DimeitdcDs of condnctor, Lraro, 


1-3 X 0-2 


cm. 


^H Diutendona of conductorj inau- 






B Uted. 


1-35x0 25 


1' 


^H Arrangemeut of conductoTS, . 


4x2 




^H Effective length of one annature torn, 38 


cm. 


^1 ftee 


70 


J' 


^B Aven^se „ 


108 


» 


^^p Number of ariijalare lurnB, . 


3S4 




^H Number of current circuita in 




■ 


^^ Uw armature, .... 


8 


^ 


^^^^ Nttubor of tarns in series between 




_1 


^^^^ft «4jw«nt brushes. 


4S 


■ 


^^^^ Wfi wiU Adopt a £ax density of 18,000 lines 


l«r T 


^H sq. cm. %X Uw r<K>t of the teeth at fulUload. If 


we 1 


^B lUftko tin pQl«-ai:i: -T0% of the pole[utcti and aasume | 


^1 Ibat tht> |H^le f1hi> sprt^ds out 10%» 


t is found that 1 


^1 %h<i s^tAoia ■>( itt« t^th (measured at the lootj | 


^M Uir«n||b wbkh tbo flux from one 


pole posses is J 


^B «^tMl t» 




d 


^ft IS^frtxllxO-MxlS^^ffS-Saqcm. 


■ 


^^^^ lt«h^ lh» Itux fran ww pole ftt htU-lottd : 


■ 


^^^^^ M « 146 Xl<rtiik(» of force, 


J 
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We are now able lo investigate the commutation 
^t atarLing. IF at thl'^ momEsjit the lielil flux were 
tho same as at full-load, the E,M.F- induced in a 
coil of one tiirn ehort-circuited by tho brushos 
would be 

E=4'44x 35 X 1-66x10-* = 184 volts. 

ThiB value corresponda to a starting torque equal 
to full-load torque, and is eo low that we may predict 
with confidence that our mott»r can atart sparkleasly 
with twice or three times the aortnal torque. In 
facL^ it is eaeil^ eeeu Ihab iim motor would Htart well 
if the full voltage were applied at its termioaU. 
Thifl ia &q, because even the greatest rush of current 
would hardly incteaae tbe lootb-detieity of 18,000 
liiiefl par aq. cm. by more tliEkU 50 tu 70%. Hence 
the induced voltage E can in no circumstance exceed 
about 3 volts, and this is eo low tbat Bparklcss 
commutation at starting can be obtained with high 
resistance carbon brushes alone, no regis Uineea 
between wiuding and [commutator segmeula being 
Qcceaaary. But such a rush of current would be 
objectionable for other reaaona, and tho voltage 
would on thb account be alepped-down at starting. 
If twice the Eornial torque be lequired at starting, 
we may estimate, as a Brst approximatiou, that the 
current will have to be 65% above its normal value, 
the corresponding field flus being 30% greater than 
at normal load (1-55 x 1<10^ 2), ThuK the induced 
voltage iti a commutatiiig cwl at stfirtiug coniea to 
2'ZQ volts- Such a low value permite the use of a 
brush covering 3 segmcnte. Since our E corre- 
sponda to one turn per segment, our commutator 



120 arNGLB-PHASB COMMUTATOR MOTORS. 

lUQst obviijualy have 384 pegmenta- This ineaiis a 
rather large coaimutator. For the latter we diooac : 

Diameter of commulator, 50 cm. 

Nuaober of segments, . . 384 
Width of aegment plus insu- 
lation, . _ , , 0'41 em. 
Width of segment alone, 0-33 „ 

Width of brush 3 x 041 = 1'2 cm. nearly. 

Before determining the length of our commutator 
let ua check the commutation at full-load, because 
— owing to the high flux-density employed at this 
load — it may be found to be worse than at starting. 

Let J,,=Ncrmal armature current, and 

^0= Armature voltage due to rotation at 
normal load^ 

l^en, according to the formula ou p. 41, 

Bcacunccvolt .b lull lo^d^^;JiJ^J^^i>^^Mp:M) 

4 X Hux par pol9 

I'DOX lO*" 

ButE« = 4x48xNX6ffectiveflusper polexlO-^ 
= 4x48x33-Sx Vlxl"S5xlO'^-75 volte. 

If the current density in the armature copper be 
300 BTuperes per sq. cm., wb get 

J„=i8 X 0-26 X 300 = 620 amperes. 
Hence E,(at full-bad) = 620 x 75 x 38-2 x 10"*= 178 volts. 
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Tbs voltages 1'78 and 1'84 are in quadrature, and 
we get for the Bparking voltage &t fiiH-lood : 

^178*+l-84" = 2-55 voUa. 

Tbiia tbo cammutpation la also aattafaolt^rj at fnJl- 
load. The full-load capacity of tlie armature is 

620 amperes X 75 voIta = 4G'5 kw, (60 H.R). 

If we allnw a nominal current density unJer the 
brush of 6 amperes per sq. cui., we get : 

Number of aete of bnishes, . . 8 

Kmnber of bruahes per setj .6 

Section of one hriiBh, . V2x 36 cju. 

Effective lengtb of comcmtator, - 26 „ 

Total length of commutator, , 30 „ 

The question now arieoH whether the commutator 
is large enough to disEipate Che heat generated. 
Aaaiiining a pressure ol the lirusb ou the cummuLator 
of O'l kg, per6q> cm. uf contact area and a cosfiicient 
of friction of 0-3, tbe friction loeaes come to 870 
watts. Tbe C-E loBses under the briiBheB depend 
un the quality of carbon used and on the sparking 
voltage. Now, our present ease was dealt with very 
fully from this point of view on p. 23, where it 
was found that for an aseumod contact reGistancQ of 
0'3 ohma per aq, cm, contact area tlio C^ii Iobgos 
amonnted to 5400 watts. The formula for this loss 
wae deduced for u continuous-current motor ui which 
tbe sparking voltage is in phase with the current. 

In an alternating-current motor this ie no longer 
the case, but it can be shown tbat the losses aro 
independent of tbe pbaae tblTereiioe between spark- 
ing volt^B and current^ l.c. the formula quoted 
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is correct for alternating; current as well as for 
continuous tiurrRTit. 

The maximum C^R loss per sq. cm. occurs at the 
end of tlic bnish, and wq find from the table on p. 2'S 
that thia maximum loss per sq. cm. is 105 watts. 

In eilciilftting the sparking voltage, we entirely 
neglecteti the voltage A in the coTiimntating coil 
due to rotatiou, Thia must now be done, bub before 
proceeding to carry out tho ealoulalion wo aball first 
have to settle Ihe dimenaions of the Gold winding 
and of the compensating coiL Wa will fix the 
folJowing dimensions for the etator ; — 

Air-gap, 03 cm. 

Tnaula diameter uf stator stampings, 606 „ 

Pole-aic / pole-pitch, h . . 07 

Pole-pitcb 237 cm 

Polaarc, 160 », 

We provide each of the 8 poles with 12 semi-closed 
slots. 4 cm. deep, 0-9 cm, wide, and with eld opening 
at the air-gap of 0"2 am. (see fig, ifi). These slots 
contain the short-circuited compensating winding, 
the stranded conductor of which shall have a eeetion 
of 3'5 X 7 cm., the copper section being 1!^5 stj. cm. 
Tiie atator teeth have a minimum peripheral width 
of 0"445 cm. and a maximum width of 0'57 cm. 



Calculatioh of rna FiF.T,r Winding. 


Section of armature iron. 


. 246 aq. em. 


„ „ teelh (at root}. 


■ 925 ,, 


V 0"r-gap> . 


. 290 , 


„ stator teeth. 


■ 109 „ 


» iron. 


- 236 ,, 
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Flux density in arroaL core, 5700linesper Bq. t:m. 
,, teeth, 18,000 

„ air-gap, D,750 

,1 „ atator coro, 7,000 ^ 

,. teeth, 15,200 ,. 



We estimate that it requires 
pole to produce the normal fliu. 



per pole ajre 



>-=.« 



A.T. 



1750 field-AX per 
The effective AT. 

Two field turM 



are thus I'equiretl per pole (the current is 620 am- 
peres), aad wo uhoose a stranded conductor, 3'0 cm, 
X 0'8 cm. bare and SI cm. x O'O inaulatod, and Laving 
a copper section of 192 sq. cm. 

Each of the 8 ahortKiircuited compenBating coils 
has a resLHtaDce oE 0000665 ohms, and the rcfii.HlJLUca 
of the Geld winding is 00C0035 ohms per pule. The 
8 Held coiJe are connected in eertes, the total Held 
reeistanee being 8x 0'000035 = 0'00428 ohma The 
CT{ losa in the field winding is 320 watta^ while 
the CR lose in blie sbort-circuited cumpeii sating 
coiU comes to 



500* X 8 X 0000665 = 1330 wattB, 

The curretit (500 amperes) in the compensating 
coils haa been comput>ed on the asaumption. that tlie 
AhT. of these coila amount to 80 per cent, of the 
armature A,T. While the armature winding is 
imiformlj diatiibuted arouud the armature, the com- 
pensating coils only take up from about CO to (j5 
per cent, of the periphery, being for tliia rooson more 
effective, Besides ^ about 30 per cent, of the arma- 
ture windings are more oc leaa iuefffictive owing to 
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the roceaaea in the slater to accommodaliC t[ie field 
winding. At theBe places the reluctance ia very 
great, comparatively speaking. 

In order tu arrive a.t the magnitude uf the flim in 
tlie directiim of the brushes, we make the assump- 
tion that the armature A.T, between the p.ilo-tipB 
{{.'*. 30 ]iei' cent. (►! the total armature A.T. per 
pole) have to produce a flux across an air-^p of 
0"3ciu.-f4cin,=4"3 cm., the liiu being in phaRp with 
the current. This assumption leads to practic^Uj 
correct resulte oa long as the ordinary air-gap is small 
compared with the dimensiooH of the recess. But this 
asaumptiou would be entire!)' miflleinling were, for 
inabance, the laminated atator to ejctend right ujound 
the armature without any recesBes, because the dux 
in the direction of the brushes would then iorm a 
considerable percentage of the total flux and would 
affect the short-firciiit currant of the compeiisatinif 
coiIh correspondingly. 

According to above, the fiux density in the direc- 
tion of the braahos will be l-25x llOO/i-a ^330 
lines per sq. em., and the E.M.F. induced in a short- 
circuited armatuT-e coil by rotating through thia 
flux ia 

= 1570 X 42 X 330 x 10-« = 0-2 volts. 



This voltage is obviously in phase with the current 
and with the reactance voltage and has to be added 
to the latter, increasing its raliie from 178 volts to 
20 vuita, vary nearly. 

The armature A^T. beneath each pole arc com- 
pensated by the A.T, of the corresponding compen- 
sating coil, but the geometrical sum of these two 
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sets o! A,T. is not zero but h&a a. v&lue auficlentr to 
Liic^iice ill thu aliort-circuiteil compeii sating coU hii 
E.M.F. eqiiikl to the ohmk drop in voIt.age in this 
coil- These reaultaiit A,T. are much smaller, how- 
ever, than the armjituro-A.T. between the polo-tips. 
Since the reactance voltage itself is only a eom- 
poneiit of tlie sparking voltage, we may neglect this 
small additional voltage (0-2 volts), at lecat in the 
preeent cose. In other caaea it will be aufficient to 
estimate it. Hence we need males no corrections 
backwards with regard to the commutator losses, 
the valnea of which we repeat : 

Friction losses, , , 870 watts. 

C^K . ... 5400 ., 

Total commutator loaaes^ . 6270 „ 

Cylindrical surface of (!ommutator=50y tX 30 = 
4700 sc[. cm. Thna 1'31^ watts must be radiated 
from every eq. cm. Such a value corresponds to a 
final temperature rise of from 60*^ to 70° C, and if 
this is deemed too high, the ccmmutatot must be 
lengtliened and tlie brushea reduced in thickneHs, 

The potccT'/ortor ia calculated from the formula 
given on p, 98. 

Kumber of sJots of the compensating 
winding per pole (H,),, . =12 

Number ol' slots of the armature 
winding per pole, . . . =12 

fole-arc/ pole-pitch, , . . = 0'7 

' A mntih RTiiallrr li^re would hava bci-n fi>uad if tlie comiuu- 
tiktor ]i>B3F} hod been calculated in the nukuner u an ikllj' adapted in 
[iruticc ; this liu t\i Ii« kept iii miiiii when cam (jil ting Ilie teiupDra- 
tnre rise from tht wntta |«r uq, cm. 
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07x12 (H,) ^ S-i 

H = ?'±5* =102 

Air-gap (rf), ^03 urn. 

Length of armature (/), , . . =25 „ 

Dispeimon coefficient tf,= :^+5^^=01l6. 

N^lecting the coeflncient/(3Be p. 9fi), we get 



" field A.T. ^°' 



h=^.=l-3S 



and power-factor = l/^l'25 = 0895. 

Tt is of intoreab to check tbis value by calculating 
co&ift from the dlagrfim of tbe series motor. The 
voltage generiLteil in the armature hy rotaliuii is T5 
volta; the vi^lut^e drop in the arm atui-e, under the 
bruahca find in the atatar windings is altogether 
about 14 volts, the watt-C3omponeiit of the voltage 
thus being S9 volts. 

The wattless cijiupoueut is the turn of the E.M.F, 
induced in the lield winding and the E.M.F.'a induced 
in the armature and compenaatiDg windings hj the 
lealcage tiux. The first-named voltage i& 

444 X 25 X 1-66 x Iti x 10= =29-5 voJta, 

the leakage from the poles being u^lectecl. There 
are 3750 ajmatur^-A.r. per pole, of which only 2630 
( = 07x37oU) are uuderaeotb tho pole. All theso 
2630 A.T, are compensated by the compenaatiug 
irhiding except (rix2fi3(l=300 AT., winch induce 
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ftn E-M.F.=29-5x 300/1240 = 7-1 volts— aaaumiag 
Ihe fliuc produced by these 300 A,!, to le inter- 
liakod with 16 turns (*>, tho number of KeUl 
turns). But theie are 48 L urns on the armature in 
serieB Letween t)ie hruahea and only about 60 [ler 
cent, of them ai'e iuterlinkfld with the Iciikage fiux. 
It 13 true that 70 per cent of the armature turcu are 
beneath the poles, but it lb obvioiia that lesa than 
this number is embraced by the leakage Hux, and the 
aaairuied 50 per eeek will ha nearer ihe mark. 
Hence the self-induction in the armature &nd ehort- 
circuited winding together amounts to 

7'lx0-6x48/lS^12-8 volts, 

and the total E.M.F, of self-induction ia 

29'5-|-I2-8 = 42'3 volEa 
Tlierefora 



E= ^89^ + 42-3^ = 99 volts and cos = ^9/99 = 09. 

The agreement between the values of cos^ calcu- 
lated in two different ways ia thus very fair. 

The /radloii' v/ the i^mvudiiiini/ txrtU upon tlje 
powor-fnctor can ha taken into account aa follows: — 
It was fihown on p. 46 that the M.M.F. of the coHb 
undei^oLug commuta,tion is given by the eJ^ press ion 

In our partieular ease tt = 3, E^=2'55 volts, 

W =TeBiBt, of one aotof brushes = 0"3/26 — 0'0115 olmis, 
and a = turns per segnient= 1, 

Therefore M,M.F = 0'083 X 9 x 2-55/0'Oil5 = 160 A.T. 
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We now find that, referring to fig. 47, 
OB =1240 AX per pole, 
OR =1-78 volts, 
BB' = 160 A.T, per pole, 
0"Vr=l-84 volte, and 
OF =yf78Hi"84«=2'55, 

B B' is parallel to F, and we Hud by calculation 
OB'=1355 and angle B'O B = 5 degroes, nearly. 
It is Lliereffjre ajen that the effective field flux is 
increased by l.lie action of tbe 
commuUting coils by 9 per eenL 
but li^ now 5 d^rees behind 
the current. Tbia res*ilta in a 
diminution of the motor fipeed of 
mime 6 to 8 per ceDt, and tbe 
main current will lag — at this 
reduced speed — 27-5 degrees be- 
hind th€ terminal voltage. Sub- 
tpracting frnm this the 5 degrees 
lieUveeu OB and OB', we find 
that the corrected phaae-difler- 
terminal volt^c and main current 
is 22"5 degrees, ei>rrespondiiig to a power-factor 
MB ^^Oit^d- Of conree, the above caleulaLion 13 
strioUy oori'Mt for sine waves ciiily, and Ihe actual 
value of n.is will be somewhat smaller becau&e Buch 
sine wave^ never obtain in prj^^tice. Tables II, and 
111 contttJii the losses in, ami the weights of, the 
dJtlorMkt pftrla of onr 60-H.P. motor. 




eiice 
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Table IL— Lossks (rs Watts). 

Troii losses in the stator, 700 

„ „ urmature, . SOO 

C^H loaaea iii tho ftrmfltiiro, . . 1920 

„ n field winding, . 320 

„ „ compensating 

winding. . 13S0 

Bruflh friction loaeeB> - . 870 

C^KloflBOB under the bruehoB, . 5^00 

Bearing friction, .... SOO 

Total losflOB, .... 11,940 

Output of motor, - . . , 44,360 

Input, 5fi.300 

Efficiency, . - . - . 79 7^ 



Table IIL— Weights (in Eg,). 

Aimatiire copper, . . , . 96 

Field copper, . . , . SC 

Copper of compensating winding, , 92 

Weight of armatiire Btampings (full), 225 

Btatf>r- „ „ 320 

t, commutator capper, . ISO 

Total weight of effective mateml, 953 

It caanoL ba said that the design is particularly 
cheap, hut atteiopta to reduce the coat lead to 
higher sparking voltagoa. In this rospoct all depends 
on the specified conditions as to Bp&rtiug. While 
our motor will jiiet operate aparklesaly with higb- 
lesiatance carhon brushes^ it would undoubtodl^ 

9 
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flpark badly if two turns per segment were employed 
iinleea spoom] conlrivances are adopted. It might 
be made to run fau'ly well if^ fnr instance, resistancea 
were inserLei between the armature windiog and 
the commutator segments, but euch a soJution would 
conduce to on increase in the losses and in the 
winding apace and would lead to n higher lonipera- 
tnre rise and to bad ventilation. In any caaOj 
reaistai]*^eH cjin only lie decided uptm after a very 
careful comparative calcut^bion of varioua alternative 
dosLgna 

In comparison with a d,c. motor of the same si2e, 
the ahove Eingla-phaae aeriea inoti.tr is chapjLCteriKed 
by its large ccnmiutator. Thta is chiefly tba reaidt 
of the low terminal voltage, the value of which is 

current X cos ^ 620 x 0925 

Tor a terminal voltage cf, say, 250 volts, however, 
the com luu tuition would have been very inisatia- 
fftctory, and without apocial devicea for reducing 
aparkiug it would be practically impossible to arrive 
at a good design. The design with two turns per 
aeLjmeiit, referred to alxtve, would have allowed a 
terminal volt^e of 196 volts to be adopted. 

It ia interesting to note that the air-gap of our 
motor is large, tiie power-factor LeJng high none ihe 
leaa, A three-phase motor of the same dimensiona 
would have a power-factor of about 0'80 or 035, aud 
its nodoad current would be large — about 40 par 
cent, of the fu31-load current. 

If the frequency of supply had been 12"5j^pQr 
aecoi}'} instead oi SS'^pcr seconil, a muob better 
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I 



otor rai^bt h&vo bocri dosipned. A 6-pole motor 
would then have been eUoaeu; the diameter uf the 
armafciire would have been reJucedj Lhe length being 
alightly increased, A higher terminal voIfc*^e could 
have been adopted, and ttiie would have conduced to 
a smaller commutator and to a decrea^ of the 
connnutator luBses. The efliuieney, powar- factor, 
temperature rifle, and commutation would all Lave 
been improved. The effected aavvug in material 
would not only have meant lower coat but also leas 
bulk, a great coneidemtioti in 
tra:?tion motors. 

^ For a atill lower irti- 

■qnoncy of, say, 5 to 8 cycles 
por soaond, the design wouhl 
become similar Co that of a 

H|d.c. moCpor. The enrupensat- 
ing winding would then lie 
diflpenaed ^vith, higher fliix- 

I densities would bo adopted, 
nrul ilia armature could bo 
reduced still more. HoiAwver, 
the Dumber of polea would F,Jia.-Th.i.n.,ln.U>li^ 
abiU be larger than in the ofic nad its com|i.-iiPui.s 
corresponding d.c. motor; ^ u 
Bmoreover, the ratio of pole-arc to pole-pitch woidd 
^hjive to be very small in order to retiiiee, ae far aa 
posfiible, the ai-mature croaa A.T. and the armature 

»flax in the direction of the bruahea. This would be 
necesfiiry from the commutation point of view. 
Fig, 48 repreaenta the diagram of our 60-H.P. 
muter at fuil-luad, tlie genera! diagr:i.m for a i-ajb-* 
,atant terminal voltage being giren iu lig, 45, The 
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latter ie correct for Bmallerloade, but holds good no 
longer for over-loads owing to aaluration. 

The a^turation of tlie iron parts hjis the effect of 
increaeiug the shorlrciriTHit current of the moloi" 
he^ood the value indicated in fig. 40. This means 




FiO' 49. —The diagram of the 60-H.r. »rin motor for a cniuitAiit 

that the actu.il I^a^^u]ll^l torque am! the aciunl 
nin:xtiiiuiTi eihpacity of the motor are larger than 
implied by fig, 49, so that it is permisBihle to work 
the motet at fuU-IoaU near to its apparent maximum 
capftcily. 



Calculation op a Bepulsion Motor. 

We adopt the following dimenaionB and check 
backwards as before: — 



Number of poles, 
Frequency of supply. 
Speed at full load, 



G 
25 '^ per sec 
5€0 reTB, per min. 
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^H Artnat'iire ■ 


^^H 


^^L OntAide diaiir. oF armature, . 


cm. ^^^^H 


^1 Inaide 


^^H 


^H J^umber of olota (the slots 


^^^H 


^H are opon), 


^^H 


^H Dimensions of a slot, . 


37 x11cm. ^^B 


^H Tolo-pitch, .... 


2G'3 cm. ^^^^^H 


^H Mimmum width of tooth. 


^^H 


^1 Lengtli between ond-platcB, . 


^^H 


^1 Number of ventilati&g ducts* 


^^H 


■ Width „ , 


^^^^H 


^H Elfective length, . 


^^1 


^V Art/niiare wpptr: 


^^H 


^H Nunther of uondLicb. per elob, 


^^^1 


^H Dimena. of conductor (bare), 


1-45x043 cm. ^H 


^^k „ (insuJateJ), 


l-50x0'23 ., ^1 


^H Arrangement of conductoi'U, 


^^^H 


^H EHective length of one tuni, 


^^^^H 


^H 'Free ' leugth of one tnrn, 


^^H 


^1 Avera^ „ 


^^M 


^H ^Number ol oi'mature turiiB, . 


^^^H 


^^^^B euireiLt cii'cuits, . 


^^H 


^^^^P Einjia.ttire turuu 


^^^^1 


^ aeries between brushes, 


^^H 


^B ,"j^?r/or iron: 


^^H 


^K Air-g«tp» . H - < 


^^^H 


^H Insidediametouof atampingt}^ 


60^ ^^H 


^H Outside 


^^H 


^^1 T^ngth between (^nd^plates. 


^^m 


^H Number of ventilating ducts, 


^^H 


■ Width 


^^^^H 


^^^^ EfTective length, . 


^^H 
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^^^^H Knmber of slots, . 


lie ^^ 


^^^^H Djiiifinsions of one Blot, 


4-CxO-9cm. J 


^^^^H Width of Blob at air-gap. 


'4 cm. ^^M 


^^^^^ Minimum width of booth, 


'^1 


^^^^^ Stator •oAnding: 


^1 


^^^^m ITuiaber cf conduct per slob, 


^H 


^^^^H ArroDgQiueDt of conductors* . 


2x4 ^^ 


^^^^H Dimens, of conductor (bare)^ 


l-5DX0125cai. 1 


^^^^1 (insulated), 


1-60X0175 „ I 


^^^^BF Number of tume in Herien, . 


220 ^J 


^^^P Average length of a tarn, 


153 cm. ^H 


^^r Keeistance of atator windirg, 


0-175 ohms. 1 


^^M Com liiui'.Uor : 


^J 


^^^^^ Diamoter of commutatoT, 


^H 


^^^^B UB6f[]l length oi 


^1 


^^^^H I^umber of segments, 


^M 


^^^^H Width of one segin^nt+in- 


^H 


^^^^H . , . . 


0-42 cm. ^1 


^^^^^ Width of one segment alone, 


0^35 ^M 


^H Bmskes : 


^H 


^^M Nuiuber of sets of brushee, . 


^H 


^^^^^ brushes per set, ^ 


6 ^^ 


^^^^V DitnetmioDs of ono brush, 


0-8 X 5-1 cm. 1 


^^1 We fix themaximuni flux detiBityin the naiToweGt | 


^^M part of the armature teeth ut \ 


lull-load at 13,500 1 


^^M lines per eq, cm. 


1 


^^^^^ The minimum section through the teeth per pola is ^J 


^^B 13<3 X 0-57 X 27 = 205 


sq. cm. ^^1 


^^1 But the fluv density varies from point to point 


^^V along the periphery of tlje Htaton Assiiming the 


^B diatribudoTi of the fiux to ioVlow tbe eine law, the 

M ■ 
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Sus deEflity at two pomta of the etator^ one pole- 
pitch distant from one anotherj would be aaro^ while 
at a third point, midway between Lbe firet two points, 

the 6ux dendty would bo -^ times the average 

density. The actual distribution m not ainuBoidol, 
however, (as la fully explained in Appendix I,), and 
thia will be talcen into recount, in our particular 
caae, by auLiHti tuning 175 for 7r/2. 

ThuB the average dux density is 18,50(>/1"75 

=io,t;oo. 

Pield ilus per polo = 205 x 10,600 = 2'18 x 10« 
lines of force. 

The transformer voltAgs induced by this flux in 
an armature coil undergoing commutation m 

-4-4:4= X 25 X 2'IS x 10"^ = 2-42 volta. 

If the starting torque m epocified to equal twice 
the normal torque, we get, approximately, 

Sparking voltage at 3tarting=l'3 X 2-42 = 315 volts. 

In our previous example (60-H,P. serieia motor) the 
sparking voltage at starting was fouud to be 233 
volte, and we wore justified in choosing a brush which 
covei-ed three Be^ents. If our repulsion motor is 
to have as good a oommutation at sUrtiogH^^ Llie series 
motor, we shall have to reduce its brush width so 
that, say, only two segments are covered, 

Ab soon as the armature be<^ins to rotate, a 
second voUa^ is induced between the brushes. 
At synchrcmous speed thia voltage^ due to rotiition 
through the field flu^c^ is 



E4^4x 25 x5xM,x 10-3 = 5333 xM^x 10-', 



4 

I 

J 
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in which M, denotas the momentary voluo of the 
field tiux, Ee pulsates in accordance with M^ and 
attains lE^R maxim tiEu value when M, in al It^ maximum 
(ir. 2'18 X 10" linea). Thue the maximum value o( 
E,ifl 

5333x2-18xl0«xl0-« = 116 volte. 

If we anaume that M, follows the eine law, as 
regards time, the effeotive value of Ef, will be 

E^=106/^2 = 82voltfl. 

On the further assumption that the curront dGnsity 
in tlkB armature is the same as in the previous 
example, the total armature eurreut comes to 

6x78=468 amperea, 

and the electrical input into the armature is 

82x463xcos^^E=*38,400xco8^,B. 

in which coa^j^ is tha phase -differeoce between the 
fioM iliix and the utmaturo current. This angle ^,3 
is very nearly equal to the phase-difference between 
|.hi> autor cHVTeut iin\\ the armatui^e current. 0^„ will 
\h\ ouli:iilattH.i Hi'curatelj laUsr l>ii ; for the preseul; wo 
MtimatiO coa^ij4sO'D5, Tlio reactance voltage, at 
fiUUload, ia 

*JLJijl^^S^±±13 = 2-0i volt. 
A X S 18 

\ liir motor U lo d«9ignGd that ita armature rotates, 
ttl full'hW. at eyiiohtiuions apeetl It was explained 
iu A pt^vi^kun i^hin^u^r lhat»nl thia speed all voltages in 
\{\9 cuil umWrguui^ cuuimutaUt>n balance each ottier 
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with the exception at the reactan<^« volta^ piire 
and simple,' 

The field A/JT. and powor-factor are calculated in 
the following m&nnsr : — 



Section of aTmature core, 


312 sq. CO. 


toQth porpole. 


205 . 


„ air-gap pet pole, . 


707 „ 


„ atator toetb per pole, . 


248 , 


Btator iron, . 


312 , 


Max. flux denaitj-marmftL core, 7,000 lineaporaq. cm. 


„ teeth, . 


18,500 aq. cm. 


- air-gap, . 


5.400 „ 


Btator teetli, . 


15,500 „ 


,, „ „ iron, . 


7.000 „ 


Maximum A.Th required for air-gap. 


1,300 


ironpatba, 


250 


Total fiold A,T. per pulo (maximum), 


1,550 


Total field A,T.por pole(o[ructive), 


1,100 



In order to he able to (^culate the neceiiBaiy 
number of the trausformer A,T,, wo require to know 
the value of o-^. : 

Numljer oE armature ale ta por pole {H,)=13 3; 
statoc „ „ (HO = 18-3. 



4-5 



|_?4^ = 0018-+-006-0-07S. 



15-8* ' 30 



' Strictly Hpeaking, Ihia la onlj Inie whan the flni 19 ciijtrtliutpl 
ia n tiitiiipuldfil m[Lriiii?r aroiiTid E}m arniatiirB, A '■-oiripklf nDAlyflls 
tlbupu^ of the book, witald hav? abccursd ihp nhivi pomti it 
A comiilotci inveetigaCiaii vill bo fuund id Ajipcudui L 
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In the triangle A'B (fig. 50) : 
A'B=Qrmatur0 A.T. par polo = 53'33x78=416C ; 

B=ileM A.T. per polex^^, i ul eynchronous speed 

OB=1100 A.T. 

The nagle B A' = 90 degreee. 
Tiia ttranaformer A.T. per pole are 

(l + y')xOA'-104^4160=-lll)0'=-4180AX 

lb has been already pointed oat that the trans- 
funnel" coil and the field coil do not- exial separately 
bub me Qambmed in one single goU forming an angle 
a with tbe asaumed transformer coil 

field A.X 



We have 



tan o^- 



trauBformer-AT, 



fitotor A.T.= ^(field A.T.)'+(tranBJormer AJ.y 
= ^41 80* +11 00' =4340 A.T. 

ThuB the stator current= -?^— =118 amp9r&s. 



At syuohroiLOUB speeil the puwer-f&ctor is 

C03^ 



'Vr 



1 



H^SfT 



Fov tbi* rei^nlsiou motor as well as for the 'Winter- 
KiohUirg uioUir 

^_lnuwfonncr A.T, 

"BiB^Ax: 

_ 4130 



— CO ban a. 



In oilr 0M» 



1100 



= 3-8. 
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It is of some interest to verify this result hy a 
method whicL makes use of the clix^k-fat^e dingrsnu 
Fig. 50 givcB TIB, apprOMiroately, the phase of the 
armature curreutr and we mt\}iQ UGC oi this to cod- 
struct the exact diagram (fig, 51). 

OB (at aynchronoua speeil)=field A.T. per pole = 1100 A-T_ 

B B' is perpeDdiculai" to the \ector of the armuture 





Fig. CI.— Volta^t diagram of llie 
4B-II.R lopulflinn motor. 



current J and is proportional to the drop of voltage 
iu the armature winding and imdet the hrnshea. 

63-3 X 1-32 xO'C2 



The armature I'eetabauce is 



6x2S 



OO09 ohma; hence, drop of voltage in ttie armaburo 
winding = 468 x OOOO ^ 4-2 volts, Proviaioually, we 
estimate the drop under the brushes to be 35 volts^ 
BO that the total drop of voltage in the secondary 
circuit Gomea to 



4-2 4- 3-5=77 volta, 
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It was Bhowc tlist a voltage of 82 volta is induced 
in the armature winding by the field flux. The A,T., 
thereforo, which aro nocoaBary to produce an KM.F. 
which will compensate the drop of 77 volts are 

1100x?^ = 100A.T. 

OA'=4020 and OA = 402o(l-h^)=4020xl-04=4l80 AT, 
These two vectors are a.t right angles to O B, Let 
A'C(C being on A'B')=^l-'^*W'B'-0'fi6A'B', 

then D is the point of interaection of a line drawn 
throngh A parallol to A'B' and of a Jine drawn 
through C paraUel to OA, We measTire OD from 
the diiLgram and find OD = 1350 AX These A.T, 
give riaa m the transformer winding to a voltage 

82 X 55 X t^^nis in the tranaformer vrinding 
OB armat, turne in aerioB betw. the bruehes 

1040 aa'33 

Let this voltage he yejPi'eseriled by OF, perpendicnlar 
to OD. FG ia the voltage induced in the field 
winding by the tiold Hus, it's vahio being 

82x^^-1^=81 volte. 

G n IB the voUage drop in the elator and is equal to 
0175xll8 = 20-7 volta. Oil represents the ter- 
minal voltage, and it ia found from the diagram that 
OH=435 volts. Hencecosi^ = coB(angl9 A 0H) = 
0'8d- 1 1 is thua seen that the value of cos a obtaiDed 
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from the formula (0'86) is 2 per tent, smaller Lhaii 
the actual value, this fliU'ereiH-e beJug flue to the factp 
ttat tlie loaaeH were naglacted in the former case. 

Commutatiou aiid C'ojiti/nfMQr Looses. — ABeuniing 
agam that carbon brushes having a contact resistanae 
of "3 ohms per sq, cm. are employed, the diatrihutidii 
of current under the bniaheH lit aynchrououH spceil 
is approximately a» shown in fig. 52. At the rigbt- 




&& Of^Pf.»E5 FUff^QCfft. 



Fill. &2. — DbtiiliLLLtDacr current under tha bmilieB of the 
ifl-lLP. repnUba motor. 

hand side of the hi-iish the cniTeiit- density is 12S 
ampeiee per sq. cm. wliile at the loft-Land aide it is 
0"8 amperoa per aq. em., corresponding to a drop of 
voltage between bruah and comrautator of 384 volts 
and 0'24 volts respectively. 

At synchronoxis speed the effective drop of voltage 
under the bruahea is 

^ This voltage drap ia tlius a little lur^or tljan tbat esLimateil 
aboTfl, but t,Le tlilTereuce La ao small tU&l II Is zjut uuueji^ry to rbpoit 
the c&lcnlitiODL 
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"We are now able to conipu.be the commiifcator loases: 

C-R lossea under the bni3he3=468x5 = 2340 watta. 

Friction loeaea (ftseuming a preaaare of 
01 kg. per sq- cm, contact area and 
a friction-coefticient of 03), . = 515 „ 

Total commutator losaea, , =2855 ,. 

Since the cylindrical surface of the commutator ia 
4600 Bq. cm., each sq. cm. is called upon to radiata 
0-62 watts. 

There is hardly any doubt — considering the anmll 
reactance voltage of our motor — that it would be 
prefGrablo to ubo a carboii brush with a lowor contact 
resistance than assumed. But it must be remembered 
that syiLchroncua speed is by far the beat speed aa 
regards comniutatluu. In practicSj mutors will uajally 
be required to operate satisfactorily over a wide 
range of speed ; we will therefore inveetigate the 
motor aa to sparking for a couple of other speeds also, 
aRfiumici^ that the tertuiuul voUii^e remains constant 
and that the poaitiou of the biuahes is left uDfi.lteied. 

Let ua first consider the speed at which the stotor 
current is lA times fuU-load current. Althou^'h the 
field A.T. have increased 50 per cent^ the actual iii- 
creaije iu field flux is much Icfia (about 25 or 30 per 
tent,) owing to the high satutLtiou — 18,500 Koes per 
Bq, cm. — in the teeth at normal load. If required, the 
exact value oE the new field Sux can be calculated 
with the aid nf the fiaturaticn curve. It must be 
remembered, however, that the distribution of fiux 
along the air-gdp does not follow the sine law when 
tho iiiix donaitioa are high ; in such easoB the dis- 
tribution is represented by a curve the lop of which 



I 
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18 more or leaa flat. The actual distribaitiao may Le 
deteroiiiied by fhat plotting tlie saturfttiim curvea in 
tbd diroctions of variouB radii, and thon makiug use 
of thom for caJcaiatlnc^ tho ^mk den&itios at thQ 
dLfferenl points in the air-gap corresponding to the 
various radii. 

In the present case an aaaumed 25 percent, increase 
uf the flux ilonsity in the direction uf the ai-axia would 
correepond to an appai-ent density in the rotor teotli 
of 23,200 lines per sq. em. and in the atatcr teeth of 
19,400 lines per »j. cm. The reqiiiaile Held A.T. 
would amount to 

Air-gop A.T., 1630 

A.T- required to force the flux 

through the teeth, . - . 850 

Total ^480 AX 

Aetnally, however, our field-A.T. liave onlj' risen 
to 2320 AT. (1550xl'5), so that, it is apparent that 
the flui densilny in the direction of the i-axis cannot 
have incieaaed by quite as much aa the aaaumed 25 
per cent. We may eatimato with Borao degree of 
accuracy, however, that the increase of the flux 
deiiaity in the direction indicated amounts to 24 per 
cant. At other ^Mjiuta u.long the air-gap the increase 
will certEiiuly he larger, hec^uao the origmfil dux 
denBitios and Lho saturation at these points wore 
smaller than that in the direction of the £r-&xi& 
Altogether we shall not err greatly by assuming the 
total Held llux to have increased hy 30 per cent. 
Correspondingly, the selE-inductioa in the field 
winding is SO per cent greater than at aynehronoua 
speedj and the self-induction in the armature and 



144 srSGLE-PHASE COhtMTrTATOR MOTORS. 



transformer windiDgs is 50 per cent, hi^ier than 
before. 

In Sg. 51 the self-induction of the field winding is 
equal lo the distance between the point Y and the 
veetcir OA, while the self-indnction in the armatiire 
und transformer windings ia repreaeuteil by the 
vector FG. We haTs now 

Self' induction in the field wiuding=l-3x 81 
= 105 voltB, and aelf-indiiction in the aruin- 
turo and ti-ansformet windings = l'5 x 120 
= 180 volts. 

Hence, wflltlesscompoueiit of the terroinal voltage 
= 105 + 180=2S5 veils, and watt coniijonent 
of the terminal voltage = V-*^36°^2fl5*=332 
voll-a. 

The total ohinic diopj which was 52 voUb at 
sjuohroiioLia speed, ia now 52xl'5 — 78 voha. At 
synehronoua speed the * rotation-voltage ' was 330 
volte ; now it ia 332-73=254 vidu. 

From this we obtain the new speed, which is 

'J Fid 

"^^x500 = 0'69x500=S95revs.permIii. 

The powar-factor has become 332/435 ^076. 

The new sparking voltago ie calculated as follows: 
iteactance voltage = 2-04 x 0-59 x 1"5 = 1'8 volt^; 
voltage induced in a coil uudergoiEg commutation 
by the transformer action of the field flux = 2-42 
xr3 = 3-l volts; 'rotation voltage' in the shorts 
ciniuited coIl = 2-42 x 13 x 0-59^ = 11 volla. The 
geometrical sum of ' transformer voltage' and 
* rotation voltage' is 3'1 — 11=2 volts. 

Smca the armature curteat and, tlterofore, the 
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reactance vnlbage alao. aire Dearly in pha-se with the 
fitator current at the lower speeJ, we get 



Sparking voltage E,= ,yi-8^+2'=27 volta 

Thia voltage is within the permifiBible limits. 

Let US EOw investigate bow the motor bt^havGS at 
a speed liigJier than aynchronous apeed. We will 
asBuiue a speed corresponding bu a der.rtjofle of tbe 
normal current to 60 per cent. The dux M, willhave 
iallan to about 0-65 M, ^^^^ We have now 

Seli-inducticn = 0-65 X 8H-0'6 X 120 = 124volt3, 
Watt-component of terminaL voltage loaa total 

ohmic di^op= V436'- 124*-0'e x 52 = 386 

volta. 

Speed = oOO X 11^ X jig = 900 reva, pet inin, 

OB (fig, 50) baa inereiised in the ratio 385/330. 
while A baa diminished in iba ratio 0-6/1. Honce 

eoe^u=0S96, 

It is also found that the various voltages in the 
coil undergoing commutation are as follows: — 

EcactoDCC voltage = 3"4 volts, 

' Transformer voltage ' = 1'6 „ 
'Rotation voltage' = 4-5 „ 

The geometrical budl of tbe * transformer voltage ' 
and the * rotation voltage' ia 4:5 — lfi = 2'9 voJte, in 
phase with the * rotation voltage.' 

The reactance voltage haa a componeEtt in phase 
with the 'rotation voltage" of the valua ^^XBing^^g, 
and another component in phase with the stator 
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ourreut equal to 2'4xcob^,,-2"15 volts. Henoc 



Spftrkiog voltagoEy- 7(2-9 + l'l)*-hai5* = 4'55volte. 

It ia of aome inteteet to inveatigate the reaction of 
the aoUa imdergoLng commutation upon the field 
Ahjc and ita effecit uimu Ibe power-faetnr. 

As previouely esplained, the A.T. of the commu- 
tati^ig coila may be calculated from the formula 

A,T. =0-083 7t=^E^s/W, 

In our case ra = 2, Ey=4-55, z = l, and W = contact 

resistance of all the bnialieB of one set = 



0-3 



0-8x51x6 

= 00115 ohms. Therefore 

Reaction per pole=0-083x^^?^^ = 130A,T. 

At ajnchronouB apaecl, the M.M.F. of the field 
mnding is 1100 AT. per pole. However, the field 
wintling is distributed over the stator, while the 
eoik short-oircitited by the brugheB must be con- 
eidoi'od as embracing the whole of the flux. In a 
jprdviouA [^Itapter the factor 175 wm Jidopted to 
jprooont tbe ratio of the effect of a concentrated 
trindmg to the ctTect of a distributed wiodiLtg. 
TaVihj^ tlie same factor, it is found that th9 
oi|tiiviJent reaction of the commutatiiig coila amounts 
to l?6xia0^223AT, 

In t^. 53, S 8' - 228 A.T. and S - 690 A-T. The 
rrvuhaui 1)S=.SOO AX Angle S O S' ia measured 
Hud ii^\\\\\\ to be 145 d^rees. 

Tlia (wwar-fw^tor. as raJculated in the usual way, 
U 4l7;4,H5-.0-Mi bul if Iheabov* reaction of the 
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200 


vralia 


1350 


,, 


1970 


1} 


, 2440 


'J 


510 


*' 


2340 


*t 


600 


" 


. 9410 





commutating coils !s taken into accouut, it ia Been 
that the powsr-factor only comofl to coa^ — 0"S5. 
The losses at full-load (synchronous epeed) are: — 

Iron loss in the rirmziture, . 

„ „ flttttor, 

C^E losa in the ariniture, 

„ „ sUtor, , 

Fr'iction lijases oE thu liruaheH, 
C^R loeeea under the brushes, 
Bearing friction, , 

Total losses, 

Output 38,000X003 ^^"(G00 4-510 + 200) = 36,5C0 watts 

Input =44,910 ,, 

Efficiency ^ 79 7„ 

Coraparad with the series motor, ouj repulsion 
motor doee not ahow up well, A/^^t^ - tva/^s 

Eor the dimeuaions of hoth 
motors wore so chosen that 
the manufaotuiii^ costs came 
to about the aaiue in eacvh 
case. Wlule the repulsion 
motor has a capacity of only 
48 H.P., the BOrioa motor de- 
veloped 60 H.P. at full-load. 
When the repulsion motor is 
ruauiug ab synchronoua apeed 
its othciency is the aanio aa 

tlmt of tho .Olios motor. At ^'VX^^^^^^'^ 
Other speeds, however, tlie short -circuited cuiin 
efficieiK7 of the latter ia "P''" ^1^^ fi«Jd A"^- 
superior to that of the repulsion motor. 



CQ'LS 




4(«" 
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Calculation of a Comprnsated Eepulsion Motor 

Aa example let na take the repulsion motor just 
calcnUted, cfinverting it to a compensated repulaiou 
motor hy aiinply addiag 6 tiew seta of Lrusbes, each 
rtf which conveys llS'3=39-3 ttrnperes, lu this 
particular mstADce the M.M.F. of the field winding 
(which U now on the armature) J9 very nearly the 
s&me as the !M!.M.F. of the field winding on tht; 
stotor in the caee of the repulsion motor. Thia Ik&s 
been accomplished by choosing a 
suitable transformer-ratio in the 
repulsion motor dealt with above. 
Each new set of broehes con- 
siata of 2 brushes (0-8x5-1 cm.). 
They occaaioir a friction Iobh of 
170 watts and a C^R loss of 150 
watts. Tha commutation under 
the main brusbea remains the 
aame as before. For the same 
current the terminal voltage has 
becotne lower and the power-factor 
higher, 

F^. 54 is the reproduction of 
fig. 51 with the addition of a 
vector to repT«sent the E.M.F. in 
th«i IJeM winding. At syiichronouH npeed this F*M,F 
hastrxaotW ihu same v&lueastheEclf'inductJoiiin the 
Hold windmg ; heiK* H H' = G F, The power-factor 
IhM ri^wu (n>m 0'^6 to 0^95, while the terminal 
voUaj^ h^ UiW^tt fi-otu 435 volts to 405 volts. 

Sinrtv ivilhiii^ U4*w has Lo le tAkeii into account 
uVUoi:nitM.\ tho cttkntiktious made in connection with 




gtmm of tht ium< 
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the repubion uiotoi" ai-c directly applicable to oio- 
uompeTl?^J^t*yl repulsion mol>or- T}ie rmii) l>rualies 
of course are now eJtactly in the y-axis. Altltoiigh 
the power-factor is coneiderably better than baforo, 
tho oitidoncy hoe auJToi'ed, The increaae in tbe 
commutalor losses amoLiEts to 320 watts, the arn^a- 
tni'e losaos have increased hy 220 watts, while l\\& C'R 
losses iu the motor winJingfi itreS per oiiit. leew r-hjin 
before. This decrease is duo to tho fact that the 
brushes are now in the centre line of the at&tor 
winding. Hence leas turns per pole ftro required on 
the stator, or, if tbe number of turns lie left uiiahei-ed, 
the terminal volUge will bo somewhat increased, 
the primary current being reduced to some Gxtent at 
the Bame time, In our case this reduction will be 



1- 



ti'fttiaformer tupna\ . i aa j ,. 

1x100^4 percent. 



atator turns / 



Tiiis means 8 per cent, redaction in the C^K losses, 
i\e. 195 watts, BO that th9 actual itLcrease in the 
motor losses is 32fl+220'-]95 = 34G watts. The 
efficiency drops to 782 per cent in consijqiience. 

All lluee motors have a lap winding on the 
armature. A wave wmdiag is out of tho question, 
for a careful investigation shows that — iu respect 
to commutation — a wave winding with one turn jwr 
segmeub iti equivalent tu a lap WLudiug with p turns 
per aegmout, p being the niunber of pole p&irs. 
A wave-woimd armatvire m:ty be adopted therefore 
in 4-pole motors in which two turns per segment are 
]»arnii*<siLlflj or in 6-pole motors in which three turuK 
per segment are not objected to. 



150 aiNGLE-PHASE COMMUTATOR MOTORS. 



APPENDIX L 

A OOVTSISUTION TU lUft SJLACrr THBORt OF THE 
BBFULSJCN UOTOR 



The ideal winding of jl repiileion motor would be that 
TTinding for wliich the variation of both the field flui 
aud the trLxiiaFormer f\\ix along the air-gap followed the 
aiiiQ law, AEsuming 3ui;h a winding tc be pofisihle^ t^i^ 
E.M.F. in the oromtm'c ooulcl ba cdcuktod ob follows: — 

Let BjioHK =mii.uaium dold ^ux doueitj in gap, 
^^jBiBin ^av^rsgc ficlfi fl^w density in gap, 
Q = aectioi;i&l area of air ga-p. 
Then Field flux M, = CiB^,^, 

At eyuchronoua ep«ed ths majiunum E.M.F. induced 
between the short-circuited broahea by rotation is 

= 4j<«><N:<M,x10-^ 

and at anj other speed U (cotrespondifig to a fruquency 
of rotation N') the maximum E.M.F. is 

= 4*N'M, 10-^ 

Hotico tbo cfTaativo voltagis botwocii the short circuited 
bruahes Rt a speed U, asauTuiug the flux to vary al^a in 
& aiDU5oida<l manner vvith the time, is 

E,- *- *N'M,I0-^-2a2BN'M, 10'« 

If the tranaformer flui were linked with all the Arma- 
ture tnma, it would icduc^a in them an etFaetiTo E.M.f. 

= 4'44/fNM^10 -^ 

But thia ia not tbo case because the etator winding is 
uniformly distributed over the stfttar^ and for thia reason 
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tbe acLuul voltage induced in the Brmaturc in tt/'2 =■ 1 '57 
timoB amallor thna the value just montioned- 



ThoTGfore E^ = *-^j NM^ 



10-8 



2-83 *M!J^ 10". 



With the exception uf the drop of voltage in Hio 
Afmatnre and under the bniBlies— ^wliidi dnijj wa will 
neglect for the moment — E, and E^are the only E.M.F.'s 
in the n.rmftture, nnd they must ne<?esBaril^ haknce each 
uthei'. Tlii-iH^ takiug for the preeeut no notice of phau 
teUtions, 

NM,-N'M, 

This is the fundamental aqiifltion of the repulsion motor, 
A winding nf the perfect tjp^ aSBumed Is diatinguiBbed 
by the followiug two f<itttureE ; — 

(1) The ftrraature iron loHses aro ietc flt sjnchtorious 
speed- 

(2) At aynchrocioua speed the Biim total of a]l voltagea 
(except the reactance Tcjllage pure and simple) in the coil 
fthort-circuited by the hrnahca ia zero. 

The«e two propositions fire prnvpd as follows: — 

At synchrououa speed M, = Mj, i.e. B, = D^ and tlie 
phofla-angie hotwoon M'( and M; is 90 degrees. A rotating 
field is thus created which rotates in tho same direction 
and at the same speed as the armature. It indncea no 
E.\f-F/B in the armature, aud gives rise neither to 
hyBtereaiH nor eddy-current losses. 

HowcTCi'» such a perfect winding as that asBumed in 
the foregoing has yet to be invented, and tho windinga 
employed in iiractice conduce to a diBtributiou of dux 
around the armaturo difturing oonaidcrflbJy, no doubt^ 
rVcm a sinnHoidal diatribntion- 

For the purpose of inveatigation wo imagine the &tator 
to have two ordinary 6-c. windinga Winding J. (fig. b&) 
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We ate now able to compute the coramutator loasea: 

C^K losBOfl undot tho bruahea = 4:68 x 6 = 2340 wabts. 

FiictioD loanea (oBsuiaiQf^ a presBure of 
O"! kg, per sq. cm. contact area and 
a friction -GceQicient of Q-3), . = 515 „ 
Total commutator Iobbgs, . =28^5 „ 

Since the cyKndrical surface of the commutator is 
4000 si|. cm.j each sq. cm, ia called upon to radiate 
0-(i2 wattH. 

There is hardly any doubt — considering the aniall 
reactance volti^ of our motor— that it would be 
preferable to use a carbon brush with a lower contact 
refiiaUnce Llian awiumsd. But itmuat he rerae inhered 
that Hym^lirciuoua apeeJ ia by Far bhe beat speed an 
regards comiQulatioo. In practice, motoia will usually 
be required to operate Batisfactorily over a wide 
range of speed ; we will tlierefoi-e investigate the 
motor as tit sparking for a cnuple tjf other flpeeda also, 
assuming that the terminal voltnge remains constant 
and that the position of the brushes ia loft unaltered. 

Let US fiiBt eonaidei- the speed at whicli the atator 
current ia IJ times fiill-load current. Although the 
field A.T- have iucri^ased 50 per cent., the actual in- 
crease in field £u:e ia much leas (about 25 or 30 per 
cent,) owing to the high saturation — 18,500 liiiea per 
aq. cm.— in the teeth at normal load. If required, the 
esact value of the new field flni can be calculated 
with the aid of the saturaLiou curve. U must be 
remembered, however, that the distribution of flux 
along the air-gup does not follow the eine law when 
the flux densities are h^h; in such ca^a the dls- 
tributiQU is repreaeuted by a curve the lop of which 
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is more or Ibsh flat. Tlia actual distribation may 1)6 
detormincd by tirab plotting the saturation curves in 
the directions cf varioiis radii, and then makiug use 
of them for caLciilating the flux deneitias at the 
different poictB in the air-gjip corresponding to ilie 
Yarioua radii 

In tiiG proBQct case an assumed 25 per cent increase 
of the tiitx (laneity in the diraction of the »t-axiB would 
correspond to an apparent density in the rotor teeth 
of 23,200 linea per aq. oui. and iu th*t HtJitur UwUi of 
19,400 liaes per sq. cm. The requisite field A.T. 
would amount to 

Air-gap A.T,, 1530 

A-T- rGi\\uied tu fort^e the flux 

through tlje teeth, . . 850 

Total, 2480 A.T. 

Actually^ however, our fieJd-A.T. have only risen 
to 2320 A.T, (1500 x 1 C), so that it is apparent that 
tha flux density in the direction of the j>axia cannot 
have iocieosed by quite as much as the assumed 26 
per cent W© may estimate with some degree of 
accuracy, however^ that the inL'reaae of the flux 
density iu tlie diret^ti^ju indicated amounts to 24 per 
cent At other points along the air-gop tho increase 
will certainly be Jaracr, because tho original tiux 
densities aad the saturation at these points were 
amaller than that in the direction of the :f-axiB. 
Altogether we fih^ll not err greatly by assuming the 
total field ilux to have incieased by 30 per cent. 
Correspondingly, the aolf-induction in the Jield 
winding is 30 per cent, greater than at syncbronous 
speed, aud the ^elf-inductiou iu the armature and 
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But tLe uriuature winding is nob concentrated but 
distributed. This leads — boflting tho triangular distri- 
hutimi in mind — to a reduction of the effectlvu E,M.F. 
ill tlie ratio of tbree to two.^ 
Henoe the elTeetiro voltage 
4'44 



E. 



1-B 



«NM, lO-B-SOSflNMjlO 



-i 



Thus in the oohg of il trisingular diatributioti the ptincipal 
equattoii c»f t}iB lepulsLoii motor UkoH llie fonii 

2-93 ]NM;, = 2'S3 N'M, or 1'045 N M^ = N'fll^ 
At aynohronuiib Hp^^i^d^ therefore, 

The rollfjwing "E.M.F/s nre induced in oue armatnr 
turn imdcrgoicg commulatiou : — 

E^=4'14 NM, 10'", and 

B,- *- S N"M^ 10'»=5-S6 N'M^ lO^^. 

But My=iO'955M,; henoe 

E„-5-4y M,lC-« 

^ Jd the ctse of tbe einliBoidnL dintribiition thp B.M,r. wu 
rtdnced in tlio ratio nf 1'57 to ]. Witk a tnaDgukt diitribution 
thJB ratio ia SySf as mny bo ahown aa follows :—Mii]ti]»l J oich 
urdiuata uf ihe iriangulj^r curvn willi its <:Drr^p}ndii)g absci^^fe 
ani [ilot a new rTirvG with ilieaa jiroilurta oa ordiDat4>fi« eugJi 
ordinates bpmg evidently propfirtiDual to tlie EiqtrarQ of tha 
reepGctiva absciass. Tbc nnm atLaloacd botween thii uov nrve 
And tha »» cf absciBsn is equal to 1/3 x total length of Dbscissft 
» maxluttiiu o^iohtD. It. vn tlie irtberliuid, thfi atator -hmdioi; 
worn cjf stii^h n fni-ni that Lhi tuial f]ux jirodLiced bj it woidd 
■Ifilk Mith a'^ tha iirmatiin] turns, then tlis carreepoDdlug are^ 
vatild ba flqiul td 1/2 X totftl IflQgth cf abaciua v maxiiQUm 
Hcuao tho 

reduction- fBotot — J/i = 3/2, 
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reactance voltage also, are nearly in phaaa with the 
stfltot current at the bwcr apecJ, wc get 



Sparking voltage E^^ Vl-8'+2^=2-7 volts. 

This voltage ie within tho permifieible limits- 
Let us nnw investigate how the motor biihnves at 
n speed Liglier than synchronous stieed. We will 
asenme a speed corresponding to a decrease of the 
normal current to 60 por cent. Tho flux M will have 



fallen to about 065 M^ 



■fluJU- 



We have now 



Self-induction = 0-65 x 81 + 06 x 120 = 12i volta. 
Watt-component of terminal voltage less total 

ohmio drop= ^435'- 124'-0'6 x52 = 3S5 

volts- 
Speed = SOO X ?^ X TT^B = 900 revs, per min, 
oov 0'b& 

OB (5g, 50) has increafied in the ratio 385/330, 
while A has diminished in the ratio O'6/l. Hence 

coB0,i=O-896. 

It is also foimd that the various voLtj^es in the 
coil undergoing cooamutation are as follows: — 

Eeactance voltage ■= 2"4 volta, 

* Transformer voltage * = Ifi „ 

* Rotation voltage ' = 45 „ 

The geometrical 3iun of the * transformer voltage ' 
and the ' rotation voltage' is 45 — rC = 29 voltSj in 
phase with the ^rotation voltage.' 

Tho reactance volt^ige has a component in phase 
with the ' rotation voltage ' of the value 2"4 X sin ^^j, 
and another compoutJiLt in pha»o with tlie stater 

10 
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particiiliir hlbc. For jl Bitauaoidfll distributiou h= i, q 
for ft trifliigulnr distriUition t^ 1-32, 

Wliou the Lccth are aatunitod, the dux M is uo lo 



Q^^ 

u^^ 




Fia. &T^ — CuTv&a ludicAting thp diHsrent klndi of LLux dlBtrtbutic 



giveu by thu uqiifttiott M ^ 05 QB 
determined from the generiil formula 



but may bo 



J 



ill which ^' — 2 fur a triangular distribution (uou- saturated 

teeth) and ft' =^ I "57 for a sirurfcoidHl dietributiou. 

nil ,- A.T. for ftii-'eap 

llie ratio - — ^ • , is an approxiiriate 

A.i. for (air-gap 4- iron) 

otitarioii af tlte kiini af dij^tributitm along the afr-gap, 

this ratio is nearly unity» the diBtriT>ution is nearly 

iigular^ and if its value is 2/3 than the distnbutioEi 

proKinjately siiiuHoidaL 
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cnmmutatiitg coib is t&ken into aocouut, it ia seen 
that the powor-ftLctoi ojily comes to cos tfi — 0'85, 
The losaea at full-load (synchronous speed) »re: — 

Iron 1q33 in the armature, . 

„ „ atator, 

C^l! loss in the armatiu^, 

„ „ stitor, . 

Friction loHfies of the bniBliert, 
C^R loaacB under the bntflhea, 
Bearing iriction^ . 

Total lussaa, 

Output 38^000xcoa^x2-(600H-510H-200) = 35,500 walta' 

Input =44.910 „ 

Efficiency = 79% i 
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Compared with the series motor, our repulsion 
motor does not show up well, 
for the dimeusiona of both 
motora were so cho6en that 
the ma^nufaoturing coats came 
to ahout tlie sam*: in Bito!i 
case. While tliH lapulBioii 
motor haa a capacity of only 
48 H.P., tlie BQi'ies motor de- 
veloped 60 H.P, at full-load, 
Wlieii the repulsioG muLor in 
ruaning at synchronous speed 
tta eltieiency ia the same aa 
that of tl.e aem. motor. At ''"'■JXJ'^S, tL 
other speeds, however, Uie 
elfidency of the latter ia 
auperior to that of the repulsion motor. 




o* *<»■ 



ahull: ' ciraiiit^d cuil^ 
upuD tlie fldd rtuK, 



._=- 



'^^'^ M,vTT-»fi*^ 



irt r -lie ir:OiSt 



lire ^ 



^-rr iLici ibe 





V fii^ BDDC ^UB dAtributioD can neither 



'by & *"^*"g'* nor ft viufl curre. The 
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diatributioTi cacnot be arrived slI hy fiitperpoaing the 
wludinga I, and II. of Eig. 55, 

By fiddiug a curreat transformer to the urraugemen^. 
of tig. ij5 we get the diagram of tig, 60, ocily oue 6.0. 
ulator wiodijig now being required. Suoh an arraoge- 
meut would be equivalaot to that of fig, 55 hut bj iiu 
meHQft to that of fig. D9. The rtatson ie that a d,G- wind- 
ing corrcspoade tou triaii^iilaT diatnbuticm of the M.M.F, 
nad oot to a aioiisoidal dislrihnti&o. White the n«ult- 
ant of bwo aioe wuyes of equal length, eren if displaced 




in Gpacc, ia agtuu a eiao corro, the resultant curve of two 
triangl^'a nbich, although having tha ^ame loogth of base, 
are difiplaced iu tippet is no longer a triangle. This is a 
foadoniotital difference. la tig, 61, for instance, the 
roBult&nt of the Iwo trianglen L ind Tl. Ih the in'i^gular 
broken lino Til. 

Tims, if we may not resolve the M.M.F. itito com- 
poueuts, we will fiave to tjonsider tha Action of the 
armature upon the stator us a vrhok. 
[^lu fig. 63. ADBD'C repteseuta the M.M.F. of the 
►r along blio air-gap while E F G U J K indicates the 
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distribution of the armatura-M.M.F. Both grajjha are 
diH^laxsed m epiLcc by a. JiHt&jiuo it oorretipcmdtu^ to an 
£Lii^Jar displnccinQiit a. of tbo bruahoB (fig. 59), The 
orditiRtea of cnrve IT. are in phnj*e with the armature 
currcnl Jq, tbaae of curre I. being in pbafie nitb tbe 
priiimry curreDt J^. 

We kuoiv from previous eiplEuiations thnt the primaiy 
current ia diaplftced in phase by nearly ISO degrees from 
the anuature current. In %. C2, however, otie of the 
gnphj* liaa been p3ott*Hl wilh the negative values as 




Fid. s^. 

ord iuatoB ao that the rcBultant M.M.F. at any point of 
Ih© cireomference lb ainiplj eqijal to the diffcreneo of the 
urdlnates of turves 1. aud II. at tliiH point. Aaaumiog 
the curronta to vary Biau^oidaily with the bimoi the 
pliaae of mij current or M. iNfF. umj be represented by a 
ve(;Uirof il d(>i:k-fact diagrauj. All ordiuaten of ourve T. 
arc in phaao nith ouo another ; likcAv^ieo alt the ordinatea 
oF curve U. are in phaxe with each other. But thephaae 
of curve I. differs by a cettaln angle 0j| fEom the phase 
of curve II. This can be roprt^ontod grophioally bj 
flflfijmf/rjg that the plane throu^b cxYvve I. forms with the 
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plane through curre IT. thia ang7e ^^ Theae two planeB 
rotate at ft uniform apeed atouud the principal aiia AC, 
and th&y interaect a third plane at ri^ht angles to th« 
prmoLfHl axis in two liues which are the time-vectors (I. 
and II. in iig. 63) of the two grnpha. The dcterminfttioa 
of the resuItEmt fp^pb ie now comparativdy simple. For 
a point (Ei^. G3) of the circuoifBt-suce the resulUat ia 
found as folJowH : — 

Draw through the perpendicular OY, and mark 
the point iti on veator I. and n on 
i^ector II, BO that Om and On hare 
the same Tallies in ftg. 63 as in fig. 62, 
The difference of the two vectora Om 
and On ia equal to mm := P. OP 
represcntH the Lnaiimum flux at the 
point in magnitude as well as in 
phase. Strictlj' epeaking, of course^ 
mn onlj repreaente the miLgnitude 
and phase of the M.M,F. at 0^ but 
&t low flui densitiei^ in the teeth 
this vector alao represents the dui 
denaity at O. 

In like manner the magnitude and 
phaaeof the M.M.F- is found for any 
other point of the ciren reference, 
proTidiug that the cuirenta J^ and J^ 
and the phaae-diQerenoer t^,^ hetwocn them are known. 

In fig. 64, OQ and OQ' represent the maiimum 
poaitive and the masimum negative value of the M.H-F. 
of the atator wiudiiig ; BimilarJj OEand OR' represent 
the maximum vulued of the M.^.F, of the armature 
winding at eitber &ide of 0- A point rotatiug &t uniform 
speed around the air-gap corresfonds to £■ point travelling 
at Gonatunt speed along tbe line A C in dg. 62. And this 
moremeDt of one point along the air-gap eorroepondfl, in 

11 




Fir.. 63. 
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fig. 64, to tlie oftovemeats of two point* — nno ot which 
oaoilkte^ between Q and Q', the other oacilkting botvsen 
H ftnd R'. on vector I. {fig. 64) correapondfl to A in 
fig. 63, and the pojiit travQla from Q to Q' in the same 
tiiu« bheiti it Utkti5 tho point on vector- 11, to move frocQ 
H to R'. The two points do not paaa throngh O at the 
Kame moment ; the puuit on vector L la u.Iwa.ya iu advance 
by the distance 6=EA (fig. 62), The rnovotncnta of 
these two points suffice to represent the distribution of 




Fto. e4. 




Frn, 05 



the M.M.F. with regard to time, magnitude, and place. 
The pojttt along the air-gap is fiied by the mstantaneous 
poBitione of tho two poiole ; tho nm^imum M.M..F. which, 
occura at this plaoe is repreBented by the distance 
betwoQu thoee two points, while the phase, finallj, of the 
^^_ M-M,F. is given by the direction of the connecting line, 
^^Httie line being drann from the [loint on IL bo the jxiint 
W "^B I. Ill order to make thia graphical repreaentatJon 
I ite clear, fig. 6S has been drawn repreasuting the case 
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in wblch the point on II. leads the poiut on T. hy a cIIe- 
tanoc equal to ono-qunrtcr of R, Tbe ooiiuccting Vrntse 
we drawn for ev&ry Qoe-aiiteentli of a rflvrcihition, the 
numb?:^ iuJicatrng iho uriJer of uucccsaion. It ia easy 
to seo how ths iiax varioe in mngmtudG and ptiaae from 
point to point arountl the i^ircumferencB for given vjiluea 
of J^, J^ aod COH ^,^, 

Thia dingrnmrnatic reprcaeutAtian may be used In 
conTiQction with the design of a repulmoiL motor u 
folio wa : — 

The repnlaion motor ia flrat c9.1cii!Htad — sAy^ for Ajn' 
cbronous upevd — by aaaniQing approximate values of the 
cae£oient9 ^ ttad k'. Ono obtains then the armature 
current in ma^itude &ni1 pbaas in the manner iudicsted 
in our previous example. Kovr it is posaible to check 
k And h' backwards by determining th« kind of Hux 
difitrlbittion around the armature. 

We will try, however, to detcrmins tho E.M.F.'a in 
the armature and alator windings directly from figa, 64 
and G5. 

Referring U> fig- 66, jo whioh jnn reproBonta tbe flui 
at one particular point along the air^'ap, it will be 
■understood that thia Hus indacca io the atator winding 
an E.M.F. lagging 90 degrees behind wih. In magni- 
tude this E,M.F. is proportional Lo the diHtaiKT tun, and 
to the distaTicc Q?7i, the latter difitanee representing 
the nuQihep of stator luma which nn? linked with the 
flui mrtn Thus the E.M.F. induced iu the stator winding 
IB proportional to (Omx??*Tj) and ita vector lags 90 
degreea bebiiid ran. The total E.M.F. hidiited in tho 
atalor winding ia obvioualy equal to the geometrical sum 
of all these voltage vectors around the armature. Tho 
autDmatiou is mada easier hj resolving the K.M.F. in- 
duced at every point around tho armatiu^ into a wath- 
(^mponeDt and a watblesa component. In (ig, G6, for 
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iiiataQCCs tbc compoueat of tho E.M.F. (at the point 
oorrespondiag to run) in pluise with the stator ciureDt; 
h proportioQaJ lo tlia product 

Om X Trtn X sin {nmO), 

hence aUo proportionftl to the ares. o( the triftngle mOn. 
Bj adding all the areaa mOn coirespondiiig to all lb« 
poaitions of mn, we obUin the vabc-campoDciit of tho 

tot&l E,^f,F. induced in the HtiLtor 

wmding. 

The arcA of triangle 

ThUH VB arrive at the cDnaluaion : 
— Tbe watt - component of tbe 
E.M.F. cc^TTcspondlDg to the poat- 
tion liiri is proportional to 

Ornx Ony. ain^ja, 

SitnilB.rlyf the ^attleaa component 
correspondicg to the position mn 
ia proportioiuJ bo 

Om" - Om K On M eos ^„ 

and tbc watt- i^ooi portent of the 
totftl BIM.F. induced in the atator Ja propoc-Liuual to 

2 {Ota X Ofl X flin ^j)j 

and the wattless component of this total KM-F. rs pTO- 
partional to 

2Orn--S(0mxOn cos 0,2). 

The E,M.F. m the amuiture m&j also be resolved into 
tvro compoticntB, one being the natt-componeat in phaae 
with the armature current and equal to 

2 /» X (Om X On X siti ^^), 




Fio. ee. 
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and the othir being the wattless component diRplaced 
in phA^e bj 90 degrees froiii itio airme.t\iTe current and 
equal to 

'20n*-kl (Orr* x Oti x ain ^i^), 

tAll these cxpreaaione furnish relative raluee, A baing l 
cneffiiiiuJit iiitrixiiiGed to put the relative values on the 
aamo basia. This coefficient h is caailj calculated, for, 
ftcoording to the \&w of tbe conservation of energy, 
Stator current X watt-conijmutiut of the E.M.F, lu- 
Jnced in the stator = Armature current « watt- 
I component of tbeE.M,F. induced in the armature. 

XT , fltator current Jn 

armature current J, 
The summation of tha E.M.F/e iuducod in the atator 



armature current 

The summation of tha E.M.F/e iuducod in 

and armatpure vindings may be carried out hy referenca 

to fi^. 66. 

Let A denote the ratio of tbo 1«ad of one of the oscll- 
lating points to its maximum amplitude. It ia then 
found that tbe watt-component of the E.iI,F. induced 

the Htator winding ia pn>portiouAl to 

(S-2\^+|A')^m*„ (1)1 

imilarly, tbe wattles coiiipoaent in proportional t<) 

. . (3). 

rtb valncB arc j^Lso proportional to the btaior cvirrent, 
'^nrther^ the watt-component of the E.M.F, induced in 
the £.rjuatur[! winding is proportional to 

(J-3A.' + |\»)Bin*,, (3), 

id tho wa.tt]eB3 eomponunt is proportional to 

|ft-<S-2AS+iX*)eos^j, . . . (i). 

leae last two cumpouenta are nlso propt>rtTonal to the 
bnuature ourrentp 



5-(J-2A=-H|A*) ^'^-^a 
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The ftfaeolule values are taailj obtained hy introducing 
tbe msgnetisiDg curreDt J^^ defined as thg-t currcot 
vhidi oiduces io the ^^taU^r winding (the ariuature being 
opca) bh E.M.F, equ&l lo that obt&imng at full-load^ 
lc = tcrmiii&l TOlUge mmoa the ohmJc drop in voltage. 

In this cmae, as ve Bireadj knotr^ 

E = Jx4-44xNx*xMxl0-* = 2-95N«M10-s,aDd 

Tbe raqniste TtJoe of B.^ is obtained from these 
gq^wHoni, aod it it cow ^a euj matter to oalculate the 
cuncnt Jf DeeessATj to produce this Qui, 

IfA— I, uc if the dirootion of the bniahea ia per- 
pKiftiotihr to the axis of the stator winding, it is 
githerod (has equitiuua (1) and (2) that there h no 
ttatt-^ompODcnc irbile the wattless uomponont asBuincE a 
Tmlae proportioDal to 

Thia eaaUes oa to detenmne thc^ const&nt of equations 

0) to w- 

Biocc tktt magnttiatng currGnt J„ cotrespoads to the 
Ittwiml Toltig« E, «c niAj writ-e equation ^SJ for A— 1 
ia th« foUoTmg fann* — 

EvoooataDtx f x J^. 
the -ouwtant' is = — ^. 
IntrodiKnif Uui oori^tant nito equations (1) to (4) 
Wal tf fl M conpoiM&i of the sutor wlt«^ 
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Watt-oomponent of the aUtor voltage 

Wattless compoDcut uf the aruiabure voltage 

LJo Jo -I 

W^tt-oomponeat of this armature voltags 



i^)' 



(7). 



(8). 



In theae eqaations tlis antukture ourrent J^ refors to 
the case in wliieh tha stfttor and the armilure have 
the aatoe uumber of turns. 
Let, far brevity. 

By eqiiaring (G] and (6) and adding, va gat 

/-j| + (^,)^-2>-J,J,«»^i, . . . (9), 

Thia mcaua that the current Jg ia equal, iq magnitude, to 
th« geomatrioal fiuni ol J^ and xJ^ 
From equatioDs (7) and (6) vve get 

(^=y=(^Ji)^+Ji-2(^Ji)Ja°™*«- ■ .(10), 

in which E^ is the E.M.F. induced in the urmature 

wiodmg[. It lEi thuH Bceu that the geometrical addition 

F* J 
of aJi and J, ia equal, in nu^^itudt, to -^ - 
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hx addition to tbe E.&£.F.*6 ioduo«d bj tbe pulfiatiooft 
of tha flur^ there appears in the ornuture also a voltage 
duo to rotation. This Toltage can ba c&lciilatod bj 
reference to tig. 66. It vanes from point to point aloDg 
the air-gap 5 at a giren point it ia pruporticnal to aud 
in phaao with the vector m n. We reaolve the tctal 
KM.F, of rotfitiou into a component in phase with the 
armature current and into a i^DiiipoQBut at right anglca 
to it. It will be found that the former oomponeOit ia 
proportional to 

20ni co3i>j3-SOi», 

vrhila the wattlesa component is proportional to 

2 Om ain tfi^^. 

Cairying out the mmamlioQ^ it ia foand that the w«tt- 
compoaeut ia propartioual to (3A.^ - 6\) mat|^^ while 
the wattkes aomponont is proportional to 

(3X'-6XJcoa*i,, 

Those relative values aJreadj indicate that the E.M.h\ 
induced in the armature by rotation differa in phase bj 
the angle ^j^j from the armature current ; in otber wforda, 
tho i^Jl.F- referred to ia ossctly in phase with the 
statoF onrrent. 

In order to obtain the abaolnte value of this E^M.F,, 
we calculate it for \= 1, and get 



s/3 



.2-83ffN'lt,10-», 



We hnow that the uo'lcrad anrrent 
stator wioding the voltage 



Jq induces 



in the 



E = S-95eNM, 10-«j 



heacm, aaauming the number of turns of the nUtor and 
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ftnnatxire wmdinga to be tha Gamo, we get for the 
'rolatioa voltAge' in the ftnuBture 



0-95D 



EN' 
N 



I 



Jar any other ourrcut J], the roltago becomes 

&TLd, finally, for 3.ny other value of A, the voltage iu 
quealion in 

(A3 ^2A) 0-966 ^ pK 

When tha brushes u.re shott^jircuited, tha sum-toul 
of all the E.MT/b Id the iLrmatiire wJndin^^^ is zero. 
Therefore, QeglecbiD^ the drop of Tolbage in tho short- 
circuit. 



N J 



^°^"-"-^° S-l'5.'.fo-.x4 ' 



Hence 

Also, in sibaolute values. 



■ (11). 






Ueuco 



J^ + a!j^-3a:JiJ3cos*i3-r{2A-A-)0D55^Jj? , . (IS), 

Equ^tioiiB (9) to (11) are the priucipal eqiuitioiia of 
the repulsiou motor. 



Lot 



^-(2A-A^) Q'955|^, 
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It IB gathered from equation (12) that J^, ^J,, and ^ J^ 
form ft triangle in which the angle l>etweon Jj and asJ, 
is equal to the phaao diflerenoc (^,3 between tho aUtoi" 
nnrrent and the irmature curreuL 

If, therefore, O'A in fig. 67 ia drawn to repreflent Jj, 
aiidOA = ^J, and AB-J,, 
-^ then OB reprsa^Tits /3Jj^ in 
magnitude. 

From equation (11) 




-*..4-t 



OB 
OA 



ThiH, however, Is oa\j pas- 
mble if OB ie perpendlcLilar 
to OA 

LBtAB' = aAB = a:Jg,th©ij, 

acoording to equihtjoti (9), 

the thr«e veotora 0'A=J^, 

A E' = icJ^ and ffB' - J„ form 

El Itiaiigle. 0"B' in fig. 67 thus ropreaent6 the megnetia- 

ing cnrreut iu bhe ^tator The terminal voltuge E leada 

O'B' by 90 dogrooa^ aad is proportional to O'B'. 

According to erjuatiou (10) 



Fio. fl7. 



OB 



E 



O'B' X E. 



h^Eice 



UB 
E„ 



O'B ' 
E 



I 



It is thus evident that the relation between B and 
the armatnro voltage is the aame as that between O'B 
and tlie tenniocil voltage, Thia moana that OB and 
O'B', meaiiured aith 1 common floale, j^ive direetlj tho 
armature voUf4;e r^nd the tenniiia.! voltage roapectivelj, 
while the angle cnoloaed bj these two yootora ia equal 
to the phase difference between the termmal voltagti And 
the curreutn 
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Draw B'C perpeadinilar to A, then 



iri 



tan*=Un (OBC) = j^,^=-^.jj J^=^^. 

From the tabla on p* 175 it i& gathered that at eyn- 
chroDouH spf ed 

/5^ + ii;'=l (ver7 aearlj-). 



But it vos Hbowf) 



Hencfl, in this caae, taaA = -^«-t- 

above that lati^^H^ — -^^ Therefore^ at ejachroDCUs 

qrted, ^ = ^,3^ 

If a denote the acgle between the primary axis and 

the seooTidarj axis, then, »pproiimately, i-- = tau 

at synchronoufl speed, 

At Cither apccda we have, approsiiuatfiJj, 



.^- 



N 



N' 



taa^=taiiff ^, and tac^3 = taQo — i heuce 



N 



IJ 



tan 1^ = tan i^,- ( -=^ 



©■ 



in the diagram (iig, 67) account hfks been iikcii neither 
of the primary nor seccndnry le^ikage. lu ordsr to do 
this WQ lUBume that only v' x ataLor-A-T, liave tui effect 
upon tho armatiiro and that only v" i< armfiture-A.Tp 
hifliieiice the stator. Ou tliw aeaiiinption tlio vectora 
adectiug the armatiirc are J,j mid v'xJ^t the I'^^aultaut of 
which is /3J]; similaily, the atator if aftected by the 
q^uantitJea Jj and v'xJh^ the reHiilLaot of which ia J^. 

In %. 6J?» O'A rapresenta the atatov current J, and 
AB tbe armature current J^ (J^ ia reducal to Che aame 
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Ducb«r qI turiu u peitaias to J^), Bud we £iid that 
0A-TPJ„ AC-*^V'Jj, AB'-artp J3, 



o-ff 



J^and 



FC (wliich IB &t right &Qgl» tc O'A) = fix u'V^. 

ObriooslT ^^ ^ watt<>oTapoiic»t of teim volt . _^ 

' B'O UrmLnal volLagti 




iM^OL 



li»1C» 



w4 



J* 



or 



* ire ^jf-^Ji ^^ "^I?"' 

For tMUTDut motore r =r" = (^ apd if vx be denoted by g, 
VtOMi vrilc 

Tb* ohuLM dn^ «f ^tage wm D^1««ted in the dift 
ftmn fif. 6& It CBQ be takvB into Account bj- proee«diQg 
iJoag Uw luwa mdiofeUd in preTiooa chftptera; it U, 
UuMOMMiqr la t^pmi tfaa tuopk opanLtkn hen tgun. 
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u JB giyen bj' the equation f = 1 - ^' . 

The diagnimH which ha.ve heen thus devploped Are only 
strictly correct for coD-Hnturated motors, but thej give 
f&ir roQulte — accuriitc onough for most practical purpoaea 
—for densities in the teeth up Ut 1 8,000 or 20,000 lines 
per aq, cm. 

The aimple diftgmiu, fig, 66, e&ables ua to determins 
at which point ulong the iLir^gap the maximum fiiii 
density oocurBp 

Obvioo^lj, the absolute maiimuni v&lue of mr; occura 
in one of the followicg four poaitiona : — 

(1) m in (poaition D in fig. 69), 

(2) « ,. ( ,, C „ > 

(3) m „ Q ( .. B ,. ). 

(4) ^ , R { „ A ,. ), 

Whether (I ) ia Iru^r than (2) or vi^e versd depends on the 
relative valuea of Jj aud Jj, If J^ ia larger than Jj, 
then mn is larger in poeitlcn (1) than in poaitbn (3) and 
vice t&'ad. JSimiiarly, Tun is liirger in poeitiou [4) than in 
position (3) when J^ ls larger than Jj, 

TbuB the tvo correspond ing; oiaiim^ of fiux-deuBitj ia 
the sir-gap of a reaptilflion motor are not displaced bj 
an angle of 90 degrees, as might be thought, hub by an 
ftsglo 90 X (1 ± X) degrees. 

From fig. 68 J^^^i -JW^^ > 

i.e. for speeds lower than eynchronoos apeed Jf< J^, 
and „ higher „ „ Ji<Js.' 

' Sliictlj aptakiug, J, i^ Larger thui J, otbt jiut a amall raugs 
of speed baj and ay ochronuua speed. 
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It maj alflo bo learaod from Gg, 66 that the veator mn, 
for OR>OQr ia larger in pOEition (4) than iopoaitioo (I), 

Thus it la Eeeji tbat the mQiimum fluK dsn^itj occurG 
ftt the poioba B or C (fig. 6^) forspends bolo^ aynclironism, 
ard at the poict A at speeds higher than sjnchronous 
speed. 

A oloae inveatigatiOD vnW ahov that the omxiniiim 




Fia. a9. 



flm deaaltj occurs at ab (ill speeds up to a certom 
Bpoodi which dapenda on the angle a ; betwaen this apeoJ 
and q^nchronoua speed the miiiimiim flui density ia at 
B, while bcjond the laatoamed apeed A i« the point at 
whL«h the maximum density occurs. 

The foUawiug table gives a number of quELDtitiea cal- 
culated for various raluca of a and X:— 
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Cla|it*r 



vnde^' 




Ihnwgtoa Ihat ibo shurl- 

pBdi«llj dimiairfhert as 

h thfi light of the 

TL« kwcTO', tliB behaTiour 

tet JB ttftt t^ iwwtun on 

to ^ ^-MBkr flf M^ 

tgw*X SRttttj Mwiw with O^c 
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illuBtrating his Paper, Tn order to iinderHta-iid arid 
apiirooiato theae oooillggraroB fully, we rcpToduca iii fig- 70 




FrOr 70. — Sketch of ixiierimaiitat mator. 

A eketolt oF the experimenUl motor used. The luain 
dimsTisions of thie motor, in ceDtimetrcs^ aro : — 

Diameter oE annatute^ , . , 13-3 

Number of slots, , , . . 3S 

DlmeuslonA of slot, . . ^ . L'9 v 3<€3 
lateroal dinmeter of armature 

Btampings, 1-9 

Total length of armature, . . 9'7 

Effootivo „ „ . . . 8'7 

Number of eoniuctora per nlot, , 14 
Num^ber of turns in BeTiea between 

the bnmbeH 126 



12 
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Di&meter of oom mutator, . . .7*3 
Lougth „ „ ... 4-9 

NuLober of acgmcatfl, . . ,36 

Widtb of one Begtneut plua inaulatioD, 0'63T 
„ without „ 0'56O 

Number of bruehoB per set, . . 1 
Width of brush, . . , . 2'fi4 
Brush-arc, . , . , . 2-63 

Aii-gap, ...... O'lG 

Bore of iield magnets, . . . 13^G2 

Pcile-arc li'5 

Ratio of pole-arc to pob-pitoli, . - O'Sfl 

NuDiber of field turns per spool, . 42 

Number of apoolBj . , , . 1 
Eegistauce of armaLuro winding 

(vrarm), 0-294ohm3. 

Cod ract-reai stance between one brimh 
and tbe commutator, the current 

being 35 ampereSj , , , 0-05 „ 

ThB OBtillogtama were taken by nieuus tif Diiddell'a 
well-kuown big h- frequency eacillograph ; one arnialure 
coil WELS cut cpen^ the ends being ci>iiriecti.'d to two slip- 
riugji on bike motor Ebaft> The l^ada from those stip-ringa 
were uoadnotad to a auitahle resiatauce, the voltage iLorois 
wbiiih Wtin lipplied at the ternuntilfi uf the oscillograph. 

Curve J. in lig. 71 roprottonta the main ourroot, while 
ourve IT. shows the variation of current id one eonduotor, 
It is ckarlj ohaorved from the latter ciirre m what 
manner the cLirruut obanges duriDi^ the periled of commu- 
tatiQn. The four steps iu tlie eouiiniiintfcHi curva result 
from the BnccGsaivo entrauces of the tiegmentfi under tbe 
brash dann^ ttie time tbe coll undei Btudj' Ib comnxu- 
t«tiiig» EiLcb Htep compriaes a secondary ripple, this 
being due to tbo fact that the bruBh covers a. little more 



I 
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:haii fL>ur aagmcuta. By plt>ttiiig out to qcoId thti 

lanoceaaivc relative pasitiona of hniah and aagoionti, it 

ia saeii tlmt, sliortlj after tlic first negment cnterH under 

the bruahf contact is brokuu betuocn the bruali and ibi? 




Kixt 



Fie. 71.— Main eorretit rutva (!J, md currflnt In in armatn™ 
coil (H'. ^^ the ^ngle'iih^iaa enpeTimpTi Ml motor. 



ixth sognient. All the secondary ripplca can be os- 
ined in this way. 

Fig. 73 is an oacillugrum iu «hicli Ibree atepa ouly 
oro dieting 11 Liih able, Durmg this test, it wouLd appear, 
the lirudh-conUitt y/im jiut as vood aM ui the other tc?i:^ 







tu. ^2-— CutVB 1 I'ept'iaieii Lb tlic coiT^fit m tht a>\] [indur atady, 
irhilo ciirvt: 11 sEiuwa the variation of tlie alternating ti:riniiial 
-V"itaj^c hi lIk.' tiipcriEnf^iit&l Bicigli-pboM mot-:rr. M»n current 
= 20 umjiyrsBi upood^liOO pqra. per niinnle ; IVequ^icy uT 
iipiisd.=^Ui.ndfreqaeaey of line currents ^6 j cyclfiBper ucond. 



Curve 11. repreaenta the termitml voltaga traced aimul- 

taneoiifily wilh the current curve. 

I In cLirva II., fig. 71, and Gapecially lu tig. 72, tbero are 
^ number of ripples other than thos« jiiat dealt ^vith. 

Tliej JLLUTit be mtiinly attdbiited to lUe reaction of the 




iiUai^ 



V « -' >.^ 
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some 16 per cerL of the HTerag*i vtiXne. Sim;e, Low- 
crer, tho commiLtatioa ourvD ia sigzog to start irith, the 
Actual variation will he largor tbau tho figure mention^T 




Fia. r^.— Current in coil uaiIerBl;ud^(l), and E.M.F. idBoarclt uuil 
(11). 3[>aeU = 1200 reya ^Jer inujut<? ; frequoiity of »j-Kcd=2fl 
and frequency ofaiippl; = 263 oytlcn |Hr dHoail. 

Applying the formula for tha reacting of the oommu- 
tAting coi]s to this particular caa?, we gab 

-, ^. 0-063 n^xeKE, 0083 x 4= x 1 x E- ,„ ,= p 
E«actit>D= ^ ^ = ^=^ ^=18"BEr. 




E could be calculated for each of tUe apetiul oases 




7fi--— Current in ooil nmier atndt (]), aud E,MJ'. in warch cffil (11]. 
MiiilLoiins[it=9Djuiipor«fi j &p?cd — 2000 re7B, poi ininute ; frnqoeLicy 
cffljta9d = 33'l und CrFqueni-y of line i:M.vresii = ^6'^ cydoB jiqf oecond. 



^m alludod to, butf os the brush wEia ouly partially boating 

^^ on tlie comioutator during a part of the teste, such a 

calculation vrould not yield accurate refiulta. It ifl clear, 

however^ that if the macbias had a normal sparking- 

\oluige E^^ — nay, from 3 to a volt^— the reaction would 



onafn], 




bf 4g. n^ wUeb Rfpnantta ui 



(U 







coil of oo« tum vaspUeod 

oqlI oI tme turn being 

71w KJLF/» iodticed 

f^ 79 ud Sa Fig. 79 

ma^iiijuy mud fig. BO to 



APPENDIX. 



183 



Curraa 1. and £L of iig, 81 reproaant tha rrmin ourrant 
and tbe E.\LF. of the armature rsBpectifely. The motor 




Fig. 7&. — E.M.F. In search coil pani]]fl1 to paleoxii (IJ, ud in 
KOMoh ctiil at d^liL aojih to it (ll)- Euli B»rch coil consisted 
of ODo tiiriL' Sp«d.of luotflr^lBDD nvB. per nunnte. 



J 







Fuj. 80. — E,M-K, ijl p[!i.rch oofi purallr^l lo th* polt-ATls fl), and 
in tliri sftarch coit Lt right aaalra to it (II). Tu thia lest, the 
motor vi!a luaniiig aa a oontinuuua cLrrPuT' motur^ tlio apreil 
bein^ 13D0 rE]ra. per mlnuto, aai tho current l& tunpcrcn. Tho 
coil )janUel to thg Eude aonoUtcd of 101 tuniG, 

tvaa drivOD eitoroallj, the mAin currenb flowing; through 
the field winding onlj. The wmamro was running on 
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opeo-ciTOuit excepting for the oacillograph coiuiecCiona. 
The Ing between the E.M.F. acroas the lirniature and 
the field ourreot ia t^loarly obaerred, Figs, 24 and 25 
explain thU j^lieuomenon. In this test th.« sparking 
YcltAge ia the coiU sljott-ciruiiited by Ibe bruHhea la 
ideoticft] nitb tbo traasEonucr Toltago induced in tbem, 
for the Qtber componenta of the sparking Toltage, vis. 
Ibe refeotuioe TolUge and the 'rotftUon voltage,' h&re 

Mr Cn^y has m&de some furtiber tests on a d.c. 
^'ostingboiws motor of a somewhtvt iargor size ; but it is 



^wvWv 




Plfik U— UuncunvAtft), M>d M4nitBJ>&M.F. qF aiuuIutb (!!}■ 



not tfitwnlfid to desoribe thetn here, a» Uie testa dealt 
reiXh ftboTB *p|>cu to be Bufficient to give an idea of 
wbfti iL^tVftllj oceun in an altflnuting-curretit com- 
■ulKtor mrtor. 

S&^lftr Mtt oa luge ui)glQ-|>base trwtion moton 
mtlH b« iT«feOBM&« Um pras«nt time. If fluetiutiobfi 
iktMkd b« obairTMl in tbnx of aajthiug lite the s&me 
waouul ik» found iu Mr Cre«dy% tm^L expenment&l 
Wt^tw, tiWLQi tor lodtieiug them vonld have to be devised. 

That thii nftoti^Q •ii*U id co&tinuoiia-caTrMit moton 
fta yfM M in ftllMMtins^QUfwl mMon u |»oved bj 



INDEX 



103, 114. 
Am]fire-tTirDFi reqoired Fot Ihfi 

coinpen sting VFinding, 93. 
AriualiLtBviudiijgK, UKjtmsaad 

i:v}\A itf Up and vrava wiuJ- 

ingB, 37, 89. 
AmoU, Frof, E., 13, 2\. 
AnTfliary polM, 16, Bl, 103, 

105. 

BtIin-E^JiGi}htir\f^ Br ZTuna, 87. 
BruahcQtiUQt-rcnEtaiice, 17^ S3, 
24, 25. 

BniB^i pfSition, tlie bestj in i 
d.u, jihuiit lUciLor, 11. 
thickcsss, 29. 
Brushas, coppi^r, IS. 
flacEaDtioQ of curront Dndor 

the, 30. 
loasaa amiar tliA, 21, US. 
aliilliii]^ of iIlu, 9. 

Calcdatioa cf k aicpk-pliaM 

Bcriflfl motor (600, P. }, 117. 

oTirepuIaion motor (4S-H.P.), 

or a cunji-engalod ru|iulaiou 
motor [^a-H.P.),HB. 

Cciiiimut&ting ]wlea, !£, ]Q3. 

CommLitatitiJit tbu fundamQntaE 
aquation for the comTnntn.- 
tioQ of commiitfltfir motora, 
5. 



CommulntioiiT tho nature of, I. 
Low to improve th«, D, 3Q, 

3i, SB, HI, 100. 
of Bingle-]iha3B matot^, 3S, 
OIh fifl, fi2, 70, n, 302, 
109. 
Oommutator leads, resietuiOfi ir , 
SO. 
MgmGDCB, the p»p«r uumb«r 
of, 3fi. 
OumpUDHatfld repulBioi] motor, 

73, no. 

tho pQT- Tflctor of, 7a, S4, 

lU. 
the TeiQtiQii af tlis CDDOiiLiCmt- 

ilig coils, 83. 
(43-fl,F.)t tlie cflli^iUatioii of, 

ths fiparkin^ voltigo of, &S. 
C^jmpflUflatod aericd motor, £1, 
94, l\>b. 
tbe pflwar-fuotor of, 5i, 91, 
103. 105. 
GojiiE>enwtiDg witiding (Z?^}, 

15, 91, 103, 10&. 
CompoiLbd matore (coutinuone- 

CUTTBElt}, 60, 

Contact ritxistanca, tlie epeciJic, 

CoutLimDiLs-ciLTTciit iDoton, tho 

dcsi^ off 8fi- 
Coppdr broflhefi, IS. 
Creedy, K, ITU. 
CcittoqL fLuctnaLioDA under Lha 

brnBLoa, 30, 



185 



^M 186 INDEX. 1 


^B 2]^»,S1. 


Tjimmt (C^B) ondcr tho brnahei^ 


^^1 Dengn of fiontunimv-cufTsnt 


SI, 113, 


^^1 moton, ib. 




^^M vt alnglfl-nbau wrif^ motors, 


McLfnd. 92. 


^1 

^^1 of the rcpulnioji tnDtcr^ IDTi, 


Mordev, 2d. 

Motu^ Lbdoctiuu betir«n unm- 


^^H^ of tlie oaiDpcDuted rtpul^ou 
^^^^^ motor, 113. 


tnre vhIb, 83. 


^^^^^K Diftgnun of the comtien-utal 


OUraie drop m fmrnmnU^g 


^^^^^f nriu moicr, fiZ. 


coil, 3. 


^^^^^ of the reimlsbQ moLor. Q4. 


OscilhigrBpbic t«stA ulIt]leaD]n' 


^^ft tUDtcr, 77. 


IaatatioD, 17ft. 




^^H DupcRion cotfficiDDt of uinglfl- 


Parghall, UK, 7, 


^^H phase mdUira, 9ft, 


f^hl, Dr R., 45. 


^^H Drop oF Toltmga under the 


Polfs, the influence of thn ncm- 


^H^ bfuali, 21. 


berof polea lu singie-tiliaw 


^^H iJunfL, 24. 


mot^^ia, LOa, lOS. W^. 
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